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We, Patrick A. Baeuerle and Peter Kufer, hereby declare: 

1 . I, Patrick A. Baeuerle, have worked in the field of immunology for almost twenty years. 
I have over 200 publications with most of the papers published in the field of immunology. I 
received a Ph.D. in 1987 from the University of Munich and I am presently a Professor of 
Immunology at the Ludwig-Maximilians University in Munich. I also serve as Chief Scientific 
Officer at Micromet. My curriculum vitae and a list of publications to further explain my 
experience and background is attached as APPENDIX A. 

I, Peter Kufer, am an inventor on the present application. I have worked in the field of 
immunology for almost twenty years and have numerous publications in the field of 
immunology. I received a M.D. in 1991 and a Ph.D. in 1994 from the University of Munich. I 
am an affiliated lecturer with Ludwig-Maximilians University in Munich. I also serve as Vice 
President, Immunotherapy at Micromet. My curriculum vitae is attached as APPENDIX B. 

2. We have read and understood the Office Action dated August 3, 2005, and particularly 
the Examiner's comments regarding Bohlen et al (1993), Blattler et al (1993), Mack et al 
(1995), and the orientation of the claimed bispecific single chain (bsc) antibody (Ab) invention, 
namely VlCD19-VhCD19-VhCD3-V l CD3. We will first provide our understanding of the cited 
publications and later discuss the orientation and activity of the claimed invention. 
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Bohlen (1993) does not study the single chain bispecific CD19 x CD3 antibody. In 
addition, the article does not describe methods for the treatment of non-Hodgkin's lymphoma 
with an antibody. 

Blattler (1993) describes the targeting of cells with toxic molecules, such as ricin. Toxic 
molecules are delivered to the cells by, for example, the use of antibodies that bind CD 19. The 
invention requires the transport of the toxic molecule into the target cells. During this process 
the antibody used to target the cells is internalized together with the toxic molecule, thereby 
killing the cell. For example, in column 19, lines 20-51, Blattler discusses embodiments of his 
invention that include antibodies to the CD 19 antigen covalently linked to a toxic molecule 
capable of binding and being transported into the target cell. Column 5, lines 23-52, further 
describes the previously unknown ability to separate the binding and translocation function of 
the two chains in the ricin molecule. Blattler shows how an antibody such as anti-CD 19 can be 
used in conjunction with a portion of the ricin molecule to target and translocate into a target cell 
of interest. In stark contrast, the single-chain bispecific antibodies to be effective cancer 
treatments must not be internalized in order to effectively function as an anti-cancer agent 
recruiting tumor cells. See below, discussion of Mack. 

Mack (1995) describes the use of a 17-1 A x CD3 bispecific antibody construct (17-1 A x 
CD3 bsc Ab). The potency of the 17-1 A x CD3 bsc-Ab construct in redirected lysis of various 
tumor cells is not different from the potency of monoclonal antibodies described in the 
literature. (See Figures 5 and 6, page 7024). Half maximal target cell lysis is observed at 
concentrations of 17-1A x CD3 bsc-Ab between 1.6 (Kato cells) and 40 ng/ml (HT-29 cells). 
This low level of activity is achieved by whole antibodies as well, and is not attractive given 
the low productivity of 17-1 A x CD3 bsc-Ab of only 12-15 mg/L in CHO cells (see page 
7023). This particular bispecific antibody is not suited for clinical use because of the excessive 
costs associated with production and treatment. Either productivity of 17-1 A x CD3 bsc-Ab 
requires dramatic improvement, or 17-1 A x CD3 bsc-Ab needs to be more efficacious by at 
least 100 fold. Neither of these shortcomings is solved by Mack. 

Mack proposes the use of 17-1 A x CD3 bsc-Ab for the treatment of minimal residual 
disease as is characterized by a low burden of tumor cells and the presence of very small 
tumors. See p. 7025 and the discussion of 17-1 A x CD3 bsc-Ab in the treatment of 
disseminated residual tumor cells after resection of the primary tumor. By contrast, the present 
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invention may be used in late-stage lymphoma, such as non-Hodgkin lymphoma (NHL). In 
NHL, massive amounts of tumor cells, sometimes in the kg-range, must be eliminated by a 
bispecific antibody. These tumor cells can float freely in peripheral blood or lymph nodes, but 
can also manifest as very large tumors. A bispecific antibody that can remove large tumor 
masses as found with certain blood-borne cancers is not described by Mack. 

An antibody for the treatment of NHL must have a different specificity than the 17-1 A 
x CD3 bsc-Ab because lymphoma cells are devoid of 17-1 A antigen. The selection of an 
appropriate target antigen to address lymphoma is a challenging task. Although CD 19 is very 
frequently expressed on human B cell malignancies and has previously been employed for 
immunotherapeutic approaches, CD 19 is also known to rapidly internalize upon binding by 
monoclonal antibodies. See discussion above. While certain therapies, such as an antibody 
with a toxic molecule, seek to exploit internalization of CD 19, internalization of CD 19 in the 
case of bispecific antibodies would prevent recruitment of T cells and redirected lysis of tumor 
cells. As discussed below, the efficacy of the present invention relative to 17-1 A x CD3 bsc- 
Ab on 17-IA expressing tumor cells and to other CD19/CD3 bispecific antibodies such as 
diabody, tandem diabody or quadroma is higher by 2-4 orders of magnitude. 

3. In response to the Examiner's comments on pages 3-4 of the Office Action that the 
orientation of the claimed invention would be obvious over the cited scientific articles, we 
provide the following information which demonstrates that the claimed single-chain CD 19 x 
CD3 antibodies have activity that could not have been predicted from the prior art. In fact, the 
prior art taught that bispecific single-chain CD3-C19 antibody "failed to recognize human CD3" 
(Kipriyanov et al. 9 The Fourteenth International Conference Adv. in the Applications of 
Monoclonal Antibodies in Clinical Oncology, p. 29 Thira Santorini, Greece (May 5-7, 1997) 
APPENDIX C). In the same report, Kipriyanov teaches making a non-covalent heterodimer 
diabody and reports this diabody "is potent in retargeting peripheral blood lymphocytes to lyse 
tumour cells expressing CD19 antigen." Our research group has conducted direct comparisons 
of the claimed bispecific single-chain CD19-CD3 antibody with a covalent heterodimer diabody 
and found that the claimed antibody has a vastly superior activity. A covalent heterodimer 
diabody was selected for comparative purposes because it has been shown to be more active than 
non-covalent heterodimer diabodies (see below). Our research group compared side-by-side the 
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claimed bispecific single-chain antibody with a diabody (Tandab), a well-characterized, 
covalent heterodimer diabody having specificity for the B cell antigen CD 19. The claimed 
bispecific single-chain antibody has significantly superior activity. In addition, we have 
prepared and tested multiple sequences with the structure of the claimed bispecific single-chain 
antibody and found them to have similar activity. These data verify the extraordinary efficacy of 
the claimed invention over the claimed scope of single-chain bispecific antibodies having the 
structure V l CD19-VhCD19-V h CD3-V l CD3. 

4. The bsc CD19xCD3 Ab in the claimed orientation was produced by CHO cells and 
purified from cell culture supernatant. Multiple variants of bsc CD19xCD3, called MT103, 
MB2.1, MB4 and VH19 were used in the following experiments. See the attached sequences. 
These variants were produced using techniques described in the specification on pages 6-8 and 
throughout the Examples. 

MT103: The bsc CD19xCD3 amino acid sequence is provided in Figure 8 of the 
application. MT103 includes the C-terminal His tag to assist in purification, but not the Flag- 
Tag provided in Figure 8. 

MB2.1 : VhCD3 portion of MB2.1 has 4 amino acid substitutions in positions 1 (D->H), 
2(I->V), 3 (K->Q), 24 (T->A) compared to MT103. The V L CD3, V H CD19, and V L CD19 are 
identical to MT1 03. 

MB4: VhCD3 portion of MB4 has several amino acid substitutions (more than 30) 
compared to MT103. The V L CD3 5 V H CD19, and V L CD19 are identical to MT103. 

VH19 : V H CD19 portion of VH19 has one amino acid substitution in position 89 (E->N) 
compared to MT103 introducing a potential glycosylation site. V L CD19, V H CD3, and V L CD3 
are identical to MT103. 

We compared the claimed construct to a well characterized covalent heterodimer diabody 
called Tandab. For a comparison of the domain structures in the disclosed antibodies, please see 
the attached Summary of Constructs. The amino acid sequence of Tandab is shown in Figure 1. 
Previous studies showed by direct side-by-side comparison that Tandab (called LL-Tandab in the 
citation below) was more active than non-covalent heterodimer diabodies. (Kipriyanov et al, 
(1999), JMol Biol 293, 41-56 APPENDIX D). For example, Kipriyanov states on page 51 that 
"[t]he Tandabs were consistently more effective than the diabody for inducing T cell 
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proliferation in the presence of tumor cells and in effector cell retargeting." Tandab is one of the 
best documented and studied heterodimer diabodies in this area of study. Tandab is therefore a 
well documented benchmark by which to compare the claimed invention with other similar 
constructs. 

Tandab was produced in E. coli using the pBAD expression system (Invitrogen, 
Carlsbad, CA). A coding region was synthesized and sequenced (DNA 2.0 Inc., Menlo Park, 
CA) with a protein sequence as deduced from descriptions of the LL-Tandab protein by 
Kipriyanov et al, (1999) JMol Biol 293, 41-56 and Kipriyanov et al, (1998). Int J Cancer 11, 
763-72 (APPENDIX E), including PelB signal peptide, c-myc epitope and 6><histidine tag 
coding regions. The synthesized cDNA was cloned into a modified pBAD/A/yc-His vector with 
the ampicillin cassette substituted with a kanamycin cassette giving the construct pBAD-Tandab 
KAN. The construct was transformed into E. coli strain BL21-AI (Invitrogen) and a 50 mL 
culture (LB medium, 50 ng/mL kanamycin, 37°C, 260 rpm) of a single transformant grown 
overnight was used to inoculate 12x1 L shake flask cultures (LB medium, 50 |ag/mL 
kanamycin). The cultures were incubated at 25°C and 220 rpm until an ODeoo of ~0.5 was 
attained. Gene expression was induced by addition of 0.08% (w/v) L-arabinose (Sigma, 
Taufkirchen, Germany) and further incubation for approximately 15 hours. The cells were 
harvested by centrifugation at 5,000x g for 12 min and resuspended in 900 mL 1 xD-PBS 
(Invitrogen). 

Periplasmic proteins were extracted by sequential freezing in ethanol/dry ice and thawing 
in a 37°C warm water bath for a total of six cycles. The crude extract was centrifuged at 
9.000xg for 20 min and Complete EDTA-free protease inhibitor cocktail (Roche, Mannheim, 
Germany) added according to the manufacturers protocol, filtered (0.2 jam) and chromatographed 
on a 1 1 mL ProSep Chelating I (Millipore, Schwalbach, Germany) metal affinity 
chromatography column, equilibrated with 20 mM sodium phosphate, 400 mM NaCl, pH 7.0. 
Using a flow rate of 3 mL/min, the column was washed with 7 volumes of 20 mM sodium 
phosphate, 400 mM NaCl, 50 mM imidazole, pH 7.0, and bound protein was eluted with the 
same buffer added imidazole to 500 mM. Eluted fractions containing Tandab were added EDTA 
to 10 mM, concentrated four-fold and subjected to gel filtration on a HiLoad 16/60 Superdex 200 
column (Amersham Biosciences, Freiburg, Germany) equilibrated with lx D-PBS and running at 
a flow rate of 1 mL/min. Absorbance at 280 and 254 nm and conductivity were used to monitor 
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the purification. All purification procedures were performed at 4°C. The purity of Tandab was 
assessed by non-reducing SDS-PAGE. The corrected extinction coefficient (Absorbance 28 o = 1) 
used was 0.49 mg/mL. 

Non-reducing and reducing SDS-PAGE were performed in NuPage 4-12% Bis-Tris gels 
(Invitrogen), and proteins were stained with SimplyBlue SafeStain (Invitrogen, Carlsbad, 
California, USA) and destained in ultra pure water. For Western analysis, proteins were 
transferred onto a nitrocellulose transfer membrane by electroblotting. For immunological 
detection, the membranes were incubated overnight at 4°C with a 1:3000 dilution of a mouse 
anti-myc primary antibody (Invitrogen) followed by incubation with a 1 :3000 dilution of an 
alkaline phosphatase -conjugated goat anti-mouse IgG Fc secondary antibody (Sigma) for 3 hours 
at room temperature. Both incubations were carried out in 1 xD-PBS, 0,01% (v/v) Tween20, 3% 
(w/v) BSA. Alkaline phosphatases were detected colorimetrically using BCIP/NBT liquid 
substrate (Sigma, Taufkirchen, Germany). 

Bispecific functionality of the Tandab was analyzed via FACS using human B-leukemic 
cell line Nalm-6 or T-leukemic cell line HP-Ball for CD19 or CD3 specificity, respectively. In 
brief, approximately 10 5 cells were incubated with 50 uL of the Tandab preparation (1 and 10 
ug/ml) for 50 min. on ice. After washing with PBS/1 0%FCS/0.05% sodium azide, the cells were 
incubated with 30 uL of 2 ug/mL Penta-His IgG (Qiagen, Hilden, Germany) in 
PBS/1 0%FCS/0.05% sodium azide for 40 min on ice. After a second wash, the cells were 
incubated with 30 uL of a R-phycoerythrin (PE)-labeled goat anti-mouse IgG (Jackson 
ImmunoResearch, Cambridgeshire, UK; 1:100 in PBS/1 0%FCS/0.05% sodium azide) for 40 
min. on ice. The cells were then washed again and resuspended in 200 uL PBS/1 0%FCS/0.05% 
sodium azide. The relative fluorescence of stained cells was measured using a FACSCalibur™ 
flow cytometer (BD Biosciences, San Jose, CA). 

All cell lines were purchased from the 'Deutsche Sammlung von Mikroorganismen und 
Zelllinien' (DSMZ, Braunschweig, Germany). MEC-1 cells were cultured in Basal Iscove's 
Medium, (Biochrom, Berlin, Germany), supplemented with 10% heat-inactivated fetal calf 
serum (FCS) from Invitrogen, Heidelberg, Germany. Nalm-6 and Raji cells were cultured in 
RPMI 1640 phenol red free medium (Invitrogen), supplemented with 10% FCS. For the 
cytotoxicity assays, all target cells were co-cultured with effector cells in RPMI 1640 phenol red- 
free medium supplemented with 10% FCS. 
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Peripheral blood mononuclear cells (PBMCs) were prepared by Ficoll density gradient 
centrifugation from leukocytes reduction filters as provided by local blood donor centers 
(Munich, Germany). Erythrocytes were removed by incubation in erythrocyte lysis buffer (155 
mM NH4CI, 10 mM KHCO3, 100 \M EDTA) for 15 minutes at room temperature. Cells were 
centrifiiged for 5 minutes at 600x g. The supernatant containing the lysed erythrocytes was 
discarded and the pellet washed with PBS. Thrombocytes were removed in an additional 
centrifugation step for 15 minutes at lOOx g. PBMCs were finally resuspended and cultured in 
RPMI 1640 medium supplemented with 10% heat-inactivated FCS until use. 

CD3 positive T cells were isolated from PBMCs using the Human T Cell Enrichment 
Column Kit (R&D Systems) according to the manufacturer's instructions. T cells used without 
pre-stimulation were isolated shortly before setting up the cytotoxicity assay. 

A 75 cm 2 culture flask was coated for 90 min at 37°C with 10 |ig/mL of OKT3, purified 
from hybridoma supernatant, and 2 |ug/mL of anti-CD28 (15E8, Chemicon, Hampshire, UK) 
antibodies diluted in PBS. Approximately 1.7x 10 7 isolated T cells were resuspended in 10 mL 
of cell culture medium and activated for 4 days in the coated culture flask in presence of 30 
U/mL of IL-2. After 4 days of incubation, T cells were pelleted and resuspended in 25 mL of 
fresh cell culture medium containing 30 U/mL of IL-2. T cell suspension was transferred in a 
new 75 cm 2 culture flask and further incubated for one another day. 

Target cells (MEC-1, Nalm-6 and Raji cells) were labeled using the PKH-26 Red 
Fluorescent Cell Linker Kit (Sigma, Taufkirchen, Germany) according to the manufacturer's 
instructions. In brief, 5x 10 6 target cells were washed with PBS and resuspended in 250 \xL of 
Diluent C. Cells were then mixed with 2.5 [iL of PKH26 dye diluted in 250 ^L of Diluent C and 
incubated at room temperature for 3 minutes with gentle agitation. After incubation, the staining 
reaction was quenched by addition of 1 mL FCS. Labeled target cells were then washed twice 
with cell culture medium. 

All cytotoxicity assays were performed with isolated T cells as effector cells (pre- 
stimulated or not) and target cells pre-labeled with the membrane dye PKH-26. Effector and 
target cells were co-incubated in 96-well round-bottom plates at an E:T ratio of 5:1 for MEC-1 
and Nalm-6 cells and at an E:T ratio of 10:1 for Raji cells. Per well, a defined number of 1 .5x 
10 5 T cells was used. For measurement of the concentration-dependent cell lysis, 10-fold serial 
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dilutions of MT103 or Tandab were added to the samples. Cells were incubated in a total volume 
of 200 nL for 18 hours in a 5% atmosphere at 37°C. 

After incubation, ceils were pelleted by centrifugation and washed with FACS buffer 
(PBS, 1% FCS, 0.05 Na 3 N). Subsequently, cells were resuspended in 200 \iL of FACS buffer 
containing 1 |ig/mL of propidium iodide to distinguish live from dead cells. Cells were analyzed 
using a FACS Calibur flow cytometer (Becton Dickinson, Heidelberg, Germany). Per sample, a 
total of 30,000 target cells were acquired. Data were evaluated using the Cell Quest™ software 
(Becton Dickinson). 

5. Hexahistidine-containing proteins were purified by metal affinity chromatography from 
periplasmic extracts of transformed E. coli cells. Tandab was separated from other species in the 
imidazole eluate by gel filtration (Fig. 2 A). A dominant protein peak of approximately 120 kDa 
molecular size was collected by size exclusion as fraction I. Fraction I showed upon non- 
reducing SDS-PAGE a single polypeptide band of 1 14 kDa (Fig. 2B). This protein was fully 
converted to a 56-kDa band upon reducing SDS-PAGE (data not shown). The 1 14-kDa protein 
reacted in Western blot with an anti-myc antibody (Fig. 3B), indicating that it contained the C- 
terminal c-myc tag built into the Tandab protein (see Fig. 1). The protein was (i) absent from E. 
coli cells not transformed with Tandab cDNA (data not shown), (ii) was purified by metal 
chelate affinity chromatography, (iii) immunoreacted with anti-myc antibody and (iv) had the 
reported molecular size and dimeric structure. It therefore showed all features expected for a 
soluble Tandab protein expressed in E. coli periplasm (Kipriyanov et al., 1999; Reusch et al., 
2004 APPENDIX F). 

The identity of the 1 14-kDa protein in fraction I with Tandab was further supported by 
binding studies using fluorescence-activated cell sorting (FACS). Purified Tandab showed 
bispecific binding to CD3 on human T leukemia cell line HP-Ball (Figs. 3A and 3B) and to 
CD 19 as expressed on human pre-B lymphoma line Nalm-6 (Figs. 3C and 3D). Binding was 
dose-dependent and showed robust shifts in mean fluorescence intensity of reporter cells at a 
concentration of 10 |ig/ml Tandab. 

In order to confirm that our Tandab protein was of equivalent biological activity as the 
published Tandab we analyzed the efficacy of Tandab for redirected target cell lysis. We first 
tested in a FACS-based cytotoxicity assay its efficacy with freshly isolated, unstimulated human 
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T lymphocytes as effector cells. The FACS-based assay determined the ratio between propidium 
iodide positive and negative target cells, and produced cytotoxicity data with ED50 values 
comparable to those derived from 51 Cr release, caspase 3,7 activation or adenylate kinase release 
assays (data not shown). A recent study with Tandab investigating redirected lysis of malignant 
B cells from chronic lymphocytic leukemia patients (Reusch et al., 2004) suggested that Tandab 
is also active with unstimulated T cells as are present in PBMC cultures, while previous studies 
with Tandab and diabodies used T lymphocytes pre-stimulated in cell culture with recombinant 
IL-2 and anti-CD3 monoclonal antibody OKT-3 (Kipriyanov et al., 1999). We confirmed here 
that Tandab could redirect unstimulated peripheral T cells for lysis of three human B 
lymphoma/leukemia cell lines. Raji, MEC-1 and Nalm-6 were all lysed in a Tandab 
concentration-dependent fashion at half maximal concentrations of 1.07, 1.27 and 0.24 nM, 
respectively (Figs. 4A, 4B and 4C; Tab. 1). We used E:T ratios of 10:1 for Raji and of 5:1 for 
MEC-1 and Nalm-6 cells. During the 18-hour assay period, between 40 and 80% of target cells 
were lysed. Nalm-6 cells were most sensitive to lysis, while Raji cells were most resistant. 

Under identical assay conditions, MT103 also caused redirected lysis of all three cell 
lines with unstimulated peripheral T cells. Efficacy of cell lysis was, however, much higher than 
for the Tandab molecule. Values for half-maximal target cell lysis by MT103 were 0.4, 1.7 and 
0.2 pM for Raji, MEC-1 and Nalm-6 target cell lines, respectively (Fig. 4A to C). This 
corresponds to a 736-2,605 fold higher cytotoxic activity of MT103 (Tab. 1). A larger proportion 
of MEC-1 cells were lysed by MT 103 -redirected T cells than by Tandab-redirected T cells, while 
Raji and Nalm-6 cells were lysed to a similar extent by the two kinds of bispecific antibodies 
during the 1 8-h assay period. Three sequence variants of bsc CD19xCD3 showed similar ED50 
values as MT103 for redirected lysis of Nalm-6 cells with unstimulated T cells (see below). 

In the next experiment, cultured T lymphocytes were used as effector cells, which had 
been stimulated for 4 days with immobilized recombinant OKT-3 and a T cell co-stimulatory 
agonistic anti-CD28 antibody, and for one day with human IL-2 prior to the cytotoxicity assay. 
Under these conditions of optimal pre- and co-stimulation of T cells, Tandab now reached close 
to 100% lysis of Nalm-6 cells, more than 80% of MEC-1 cells and 60% of Raji cells (Figs. 5A to 
C). Despite an enhanced overall cell lysis, no improvement of ED50 values was observed. ED50 
values were 10.2, 6.0 and 0.24 nM for Raji, MEC-1 and Nalm-6 target cells, respectively (Tab. 

9 

WASH 1488913.1 



Declaration of Dr. Baeuerle and Dr. Kufer 
U.S. Serial No.: 09/673,735 

1). Rather, there was a clear reduction by 10 and 6 fold in Tandab efficacy with Raji and MEC-1 
cells, respectively, while it was unchanged for Nalm-6 cells. 

Under identical assay conditions, MT103 reached close to complete lysis by redirecting 
pre-stimulated peripheral T cells of both MEC-1 and Nalm-6 target cells, and 80% lysis of Raji 
cells (Figs. 5A to C). Efficacy (ED 5 o values) for redirected target cell lysis with pre-stimulated T 
cells was improved for MEC-1 and Nalm-6 cells, and somewhat reduced for Raji cells compared 
to values obtained with unstimulated T cells (Tab. 1). All ED 50 values of MT103 were at a low 
pM to fM level. With pre-stimulated T cells, the superiority of MT103 over Tandab was even 
more pronounced. MT103 was more potent in redirected lysis than Tandab by a factor between 
2,218- and 8,062-fold (Tab. 1). 

6. The bioactivities of the bsc CD19xCD3 Ab variants were analyzed in a cytotoxicity assay 
based on calcein release. Cytotoxicity assays were performed with target cells (Nalm-6, human 
B lymphoid cell line) loaded with Calcein AM (Molecular Probes) using human peripheral blood 
mononuclear cells (PBMCs) as effector cells. For the labeling of target cells calcein was added in 
a final concentration of 10 jaM to a suspension of 1.5x1 0 7 Nalm-6 cells in 5ml medium (RPMI 
medium with 10% heat-inactivated FCS and 25 mM Hepes) and incubated for 30 min. at 37°C at 
5% C0 2 . Calcein-loaded Nalm-6 cells (O.SxlO 5 ) and human PBMC (5xl0 5 ) were incubated with 
different concentrations of anti-CD 19 x anti-CD3 for 4 hrs at 37°C at 5% C0 2 in triplicates. 
Mixed target and effector cells without addition of bispecific single-chain antibodies were used 
as controls. Cells were incubated with Saponin (0.1% final concentration) for 15 min in dark at 
room temperature and Calcein release was measured using a Spectrofluorometer at 535 nM 
emission. Percentage specific cytotoxicity was calculated according to the following formula: 
[(Sample value - control) : (maximum lysis - control)] x 100. 

Cytotoxic activities of all variants with amino acid substitutions in the anti CD3 (Figure 
6) and anti CD 19 portion (Figure 7) were comparable to MT103. Both assays were performed 
with unstimulated human PBMCs as effector cells and Nalm-6 cells as target cells. In Figure 6, 
bispecific scFv anti EpCAM x anti CD3 was used as negative control. MT103 was used as 
positive control in comparing the bsc CD19xCD3 Ab variants MB2.1 and MB 4, both containing 
amino acid substitutions in the V H CD3. The ED 50 value of MT103 was 0.065 ng/ml. The ED 50 
values for MB2.1 and MB4 were comparable in magnitude. 
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In Figure 7, MT103 was also used as a reference molecule in comparison with the bsc 
CD19xCD3 Ab variant VH19 containing one amino acid substitution in the V H CD19. The ED 50 
value of MT103 was 0.024 ng/ml. A comparable, even slightly smaller ED 50 value was obtained 
for VH19. 

Comparable conditions were used in Fig. 4C showing cytotoxic activities of MT103 and 
Tandab in direct comparison. In Fig. 4C the assay was also performed with Nairn 6 as target 
cells and with unstimulated human effector cells. The ED 50 value of MT103 was 0.0156 ng/ml 
or 0.3 pM. The bioactivities of MT103 obtained in the different experiments were comparable 
and in the same range of magnitude. In contrast, the ED 50 value of the Tandab was 28.5 ng/ml or 
231 pM. 

7. These experiments directly compare bispecific single-chain antibodies with domain 
arrangement V L CD19-V H CD19-V H CD3-V L CD3 with other constructs for potency of redirected 
target cell lysis. VlCD19-V h CD19-VhCD3-V l CD3 was consistently more active than Tandab 
and, depending on target cell line and pre-treatment of T cells had ED 5 o values between three and 
four orders of magnitude improved over Tandab. Tandab was selected since previous studies 
showed by direct side-by-side comparison that Tandab was more active than CD19/CD3- 
bispecific diabodies. Accordingly, V L CD19-V H CD19-V H CD3-V L CD3 is also much more active 
than these two other well-characterized bispecific antibody formats. In addition, we have 
characterized multiple V L CD19-V H CD19-V H CD3-V L CD3 constructs and verified that they all 
have similar assay activity. These findings underscore the remarkable and unexpected efficacy 
of the claimed invention in comparison to other modes of antibody treatment. 
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8. We hereby declare further that all statements made herein of our own knowledge are true 
and that all statements made on information and belief are believed to be true and further that these 
statements were made with the knowledge that willful false statements and the like so made are 
punishable by fine or imprisonment, or both, under Section 1001 of Title 18 of the United States 
Code and that such willful false statements may jeopardize the validity of the application or any 
patent issuing thereon. 



By: Date: 

Dr. Patrick A. Baeuerle 



By: Date: 

Dr. Peter Kufer 
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Sequences for V l CD19-VhCD19-VhCD3-V l CD3 constructs 

MT103 (Also provided in Figure 8 of application) 

V H CD3 

DIKLQQSGAELARPGASVKMSCKTSGYTFTRYTMHWVKQRPGQGLEWIGYINPSRGYTNYNQKF 

KDKATLTTDKSSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLD YWGQGTTLTVSS 

V L CD3 

DIQLTQSPAIMSASPGEKVTMTCRASSSVSYMNWYQQKSGTSPKRWIYDTSKVASGVPYRFSGS 

GSGTSYSLTISSMEAEDAATYYCQQWSSNPLTFGAGTKLELK 

V H CD19 

QVQLQQSGAELVRPGSSVKISCKASGYAFSSYWMNWVKQRPGQGLEWIGQIWPGDGDTNYNGKF 

KGKATLTADESSSTAYMQLSSLASEDSAVYFCARRETTTVGRYYYAMDYWGQGTTVTVSS 

V L CD19 

DIQLTQSPASLAVSLGQRATISCKASQSVDYDGDSYLNWYQQIPGQPPKLLIYDASNLVSGIPP 
RFSGSGSGTDFTLNIHPVEKVDAATYHCQQSTEDPWTFGGGTKLEIK 

MB2 . 1 (Variations from MT103 are highlighted) 

V H CD3 

HVQLQQSGAELARPGASVKMSCKASGYTFTRYTMHWVKQRPGQGLEWIGYINPSRGYNYNQKFK 
DKATLTTDKSSSTAYMQLSSLTSEDSAVYYCARYYDDHYCLD YWGQGTTLTVSS 

V L CD3, VhCDI 9 , and V L CD19 - Identical to MT103. 

MB 4 (Variations from MT103 are highlighted) 

V H CD3 

VQLQQSGPELVKPGASVKMSCKASGYKFSSSVMHWVKQKPGQGLEWIGYINPYNDVTKTEKFK 
GKAT LTSDKS SSTAYME IS S LT SE DS AVYFCARS¥MY^G^YWGQGT|vT VS 

VlCD3 , V H CD19, and V L CD19 - Identical to MT103. 

VH19 (Variation from MT103 is highlighted) 

V H CD19 

QVQLQQSGAELVRPGSSVKISCKASGYAFSSYWMNWVKQRPGQGLEWIGQIWPGDGDTNYNGKF 
KGKATLTADESSSTAYMQLSSLASNDSAVYFCARRETTTVGRYYYAMDYWGQGTTVTVSS 

V L CD19, V H CD3, and V L CD3 - Identical to MT103. 
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Summary of Constructs 



I. Dorken, et al. 

Originally filed 1998 

Bispecific single chain antibody 


VlCD19 ' VnCD19 " VhCD3~ VlcD3 


II. Kipriyanov, et al. 

Publications from 1997/1998 

A. Bispecific single chain antibody 


VlCD3 ' VhCD3 " VlcD19 " VhCD19 


B. Non-covalent heterodimer diabody 


VhCD3 _ VlcD19 
VlCD3 " VhcD19 


III. Kipriyanov, et al. 
Publication from 1999 

Covalent heterodimer diabody 
(Tandab or tandem diabodies) 


VhCD3 - Vlc19 - VhcD19 " VlcD3 
VlCD3 - VhCD19 " VlcD19 " VhcD3 
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Figure and Table Legends 

Figure 1. Primary structure of Tandab. The amino acid one letter code is used. Key 
structural features such as complementarity determining regions (CDRs) from heavy (H) and 
light chains (L), the c-myc epitope tag, hexahistidine sequence (6His) and PelB signal peptide for 
periplasmic expression in E. coli are shown underlined. The LL linker sequence is shown in 
bold. 

Figure 2, Biochemical characterization of Tandab. (A) Gel filtration elution profile of 
imidazole affinity eluate containing Tandab. Absorbance at 280 nM (mAU; solid line), 
absorbance at 254 nm (gray line) and conductivity (dashed line) of the elution profile from a 
HiLoad 16/60 Superdex 200 column are shown. The position of the 1 14-kDa Tandab is marked 
as fraction I. The elution position of the 57-kDa diabody is marked as fractions II and III. (B) 
Non-reducing SDS-PAGE of fraction I. Protein was separated on a 4-12% Tris/Bis buffered 
poly-acrylamide gel, and stained by Coomassie blue. (C) Western blot analysis of fraction I. For 
immunological detection of Tandab, membranes were incubated with a mouse anti-myc primary 
antibody and an alkaline phosphatase-conjugated goat anti-mouse IgG Fc-specific secondary 
antibody. The position of five molecular mass markers is indicated. 

Figure 3. Bispecific binding activity of Tandab. Binding of Tandab to human T-leukemic 
cell-line HP-Ball (A and B) and human B-leukemic cell line Nalm-6 (C and D) was analyzed by 
flow cytometry at 1 (A and C), 10 |ig/mL Tandab (B and D) and a vehicle control (PBS). Cell- 
bound protein was detected via the His-tag using a mouse Penta-His IgG and a goat anti-mouse 
IgG-PE. The results are depicted as histograms plotting fluorescence intensity (log) versus 
relative cell number. 

Figure 4. Redirected lysis of three human B lymphoma cell lines by unstimulated human 
peripheral T cells in the presence of Tandab or MT103. Raji (A), MEC- 1(B) and Nalm-6 (C) 
lines cells were cocultured with freshly isolated, unstimulated human T cells at E:T ratios of 10: 1 
(Raji) or 5: 1 (MEC-1 and Nalm-6) and incubated at the indicated concentrations of either Tandab 
(filled circles) or MT103 (filled triangles) for 18 hours. Redirected specific lysis was determined 
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as percentage of propidium-iodide positive target cells against a control by a flow cytometry- 
based assay using FKH26 pre-labeled target cells. Bars give standard deviations from triplicate 
determinations. 

Figure 5. Redirected lysis of three human B lymphoma cell lines by pre-stimulated human 
peripheral T cells in the presence of Tandab or MT103. Raji (A), MEC- 1(B) and Nalm-6 (C) 
lines cells were co-cultured with pre-stimulated human T cells at E:T ratios of 10:1 (Raji) or 5:1 
(MEC-1 and Nalm-6) and incubated at the indicated concentrations of either Tandab (filled 
circles) or MT103 (filled triangles) for 18 hours. Pre-stimulation of T cells was for 4 days with 
anti-CD3 and anti-CD28 antibodies and for one day with human IL-2. Redirected specific lysis 
was determined as percentage of propidium iodide-positive target cells against a control by a 
flow cytometry-based assay using FKH26 pre-labeled target cells. Bars give standard deviations 
from triplicate determinations. 

Figure 6 Comparison of cytotoxic activities of MT103, MB2.1, MB4, and anti EpCAM x 
anti CD3 antibodies. 

Figure 7 Comparison of Cytotoxic Activity of MT 1 03 and VH 1 9 

Table L Half-maximal concentrations for redirected target cell lysis by Tandab- and MT103- 
activated human T cells. ED50 values from dose response curves as are shown in Figures 4 and 5 
were calculated by a curve fitting software. E:T ratios for Raji cells was 10: 1, and for MEC-1 
and Nalm-6 cells it was 5:1. 
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Recombinant antibody fragments directed against cell surface antigens can provide useful 
components for the development of therapeutic agents. To target cytotoxic effector T-cells to 
B-lineage leukaemia cells expressing the CD 19 differentiation marker, we have constructed 
anti-human CD3 and anti-human CD19 single-chain antibodies by PCR amplification of 
immunoglobulin variable domain genes from cDNAs of the hybridomas OKT3 and HD37, 
respectively. Cloning the correct genes coding for the antibody variable domains (especially 
Vl kappa) was complicated by the presence of several immunoglobulin transcripts, some of 
them arising from the myeloma cell line. For the rapid functional evaluation of recombinant 
antibody fragments against cell surface antigens, we combined a colony screening assay with 
the analysis of crude periplasmic extracts by flow cytometry. This procedure facilitated the 
efficient cloning of a functional Vh/Vl combination from the hybridoma cDN A. As a part of 
the anti-CD3 scFv construction process, the PCR amptfied OKT3 Vu gene was modified to 
improve its in vivo folding. These modifications resulted in a dramatic increase of the yield 
and stability of soluble scFv. We also found that the addition of the non-metabolised sugar 
(sucrose) to growth medium after induction appeared to stabilise folding intermediates, 
ic&vuug U> a fui uieft ijiCicttsc Li uie amount of soiubie and nincuonai scFv. 

For the creation of bispecifk anti-human CD3-CD19 antibodies, two different strategies were 
utilised. A single chain (scFv)j antibody, where the individual scFv regions were joined by a 
20 amino acid linker, and a nou-covaleat heterodSmor (Qabodjjgtvere constructed The soluble 
diabody proved to be produced by E.coti at a much hither vield than fscFvh^consisted of 
onlv dimers aner IMAC purification and soed fi call v_ interacted with both CD3 and CD 19 
pofitHvft cells. The {sevvh construct, however, feilod to recognise human UD3* The diabody 
binds CD3 and CD15J cell surtacc antigens witn affinities close to those ot parental scFvs. It 
was less stable than anti-CD3 scFv but more stable than anti-CD 19 scFv when incubated in 
human serum at 37°C The diabody is potent in retargeting peripheral blood lymphocytes to 
lyse tumour cells expressing the CD19 antigen. The cytotoxic activity of the diabody was 
increased by preincubation with effector cells and costimulation using a bivalent anti-human 
CD28 antibody. 
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To increase the valency, stability and therapeutic potential of bispecific 
antibodies, we designed a novel recombinant molecule that is bispecific 
and tetravalent. It was constructed by linking four antibody variable 
domains (V H and VJ with specificities for human CD3 (T cell antigen) or 
CD19 (B cell marker) into a single chain construct. After expression in 
Escherichia coli, intramolecularly folded bivalent bispecific antibodies with 
a mass of 57 kDa (single chain diabodies) and tetravalent bispecific 
dimers with a molecular mass of 114 kDa (tandem diabodies) could be 
isolated from the soluble periplasmic extracts. The relative amount of tan- 
dem diabodies proved to be dependent on the length of the linker in the 
middle of the chain and bacterial growth conditions. Compared to a pre- 
viously constructed heterodimeric CD3 x CD19 diabody, the tandem dia- 
bodies exhibited a higher apparent affinity and slower dissociation from 
both CD3 + and CD19 + cells. They were also more effective than diabo- 
dies in inducing T cell proliferation in the presence of tumor cells and in 
inducing the lysis of CD19 + cells in the presence of activated human 
PBL. Incubated in human serum at 37 °C, the tandem diabody retained 
90% of its antigen binding activity after 24 hours and 40% after one 
week. In vivo experiments indicated a higher stability and longer blood 
retention of tandem diabodies compared to single chain Fv fragments 
and diabodies, properties that are particularly important for potential 
clinical applications. 

© 1999 Academic Press 

Keywords: bispecific diabody; tandem diabody; domain swapping; human 
CD19; human CD3 



Introduction 

Bispecific antibodies (BsAb) provide an effective 
means of retargeting cytotoxic effector cells against 
tumor cells (Fanger et ah, 1992). They have mainly 
been produced using murine hybrid hybridomas 
(Bohlen et al, 1993) or by chemical cross-linking 
(Brennan et al, 1985; Glennie et al, 1987). However, 
the immunogenicity of BsAb derived from rodent 
monoclonal antibodies is a major drawback for 
clinical use (Khazaeli et al., 1994). They are also dif- 
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ficult to produce and purify in large quantities. 
Recent advances in recombinant antibody technol- 
ogy have provided several alternative methods for 
constructing and producing BsAb molecules 
(Carter et al, 1995; Pluckthun & Pack, 1997). For 
example, single chain Fv (scFv) fragments have 
been genetically fused with adhesive polypeptides 
(de Kruif & Logtenberg, 1996) or protein domains 
(Miiller et ai, 1998c) to facilitate the formation of 
heterodimers. The genetic engineering of scFv-scFv 
tandems linked with a third polypeptide linker has 
also been carried out in several laboratories 
(Gruber et ai, 1994; Kurucz et al, 1995). A bispeci- 
fic diabody was obtained by the non-covalent 
association of two single chain fusion products 
consisting of the V H domain from one antibody 
connected by a short linker to the V L domain of 
another antibody (Holliger et al, 1993, 1996). The 
two antigen binding domains have been shown by 
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crystallographic analysis to be on opposite sides of 
the diabody such that they are able to cross-link 
two cells (Perisic et al, 1994). In contrast to native 
antibodies, all of the above mentioned bispecific 
molecules have only one binding domain for each 
specificity. However, bivalent binding is an 
important means of increasing the functional affi- 
nity and possibly the selectivity for particular cell 
types carrying densely clustered antigens. 

We recently described the construction and 
characterization of a bispecific diabody with dual 
specificity for both the human B cell antigen CD19 
and e chain of the CD3/T cell receptor (TCR) com- 
plex designed for the treatment of minimal residual 
disease in patients with leukemias and malignant 
lymphomas (Kipriyanov et al, 1998). The CD19 
antigen is expressed on virtually all 
B-lineage malignancies from acute lymphoblastic 
leukemia (ALL) to non-Hodgkin's lymphoma 
(NHL) (Uckun & Ledbetter, 1988). Moreover, it is 
not shed and is absent from hemopoietic stem cells, 
plasma cells, T cells and other tissues. Bispecihc dia- 
bodies appear to be quite effective in mediating 
T cell cytotoxicity (Holliger et al, 1996; Kipriyanov 
et al, 1998; Zhu et al, 1996). However, the co- 
secretion of two hybrid scFv fragments can give rise 
to two types of dimer: active heterodimers and inac- 
tive homodimers. A second problem is that the two 
chains of diabodies are held together by non- 
covalent associations of the V H and V L domains and 
can diffuse away from one another. Moreover, to 
ensure the assembly of a functional diabody, both 
hybrid scFv fragments must be expressed in the 
same cell in similar amounts. This latter require- 
ment is difficult to uphold in eukaryotic expression 
systems such as yeast, which are often preferred 
because high yields of enriched product can be 
obtained (Ridder et al, 1995; Shusta et al, 1998). 
Finally, the small size of bispecific diabodies (50- 
60 kDa) leads to their rapid clearance from the 
blood stream through the kidneys, thus requiring 
the application of relatively high doses for therapy. 

To circumvent the drawbacks of diabodies and 
to increase the valency, stability and therapeutic 
potential of recombinant bispecific antibodies, we 
have now constructed single chain molecules com- 
prising four antibody variable domains (V H and 
V L ) of two different specificities in an orientation 
preventing Fv formation. They can either form 
bivalent bispecific antibodies by diabody-like fold- 
ing (sc-diabodies) or dimerize with the formation 
of tetravalent bispecific antibodies (tandem diabo- 
dies). The efficacy of tandem diabody (Tandab) for- 
mation is dependent on the length of the linker 
between two halves of the molecule. Here we 
show that Tandabs are bispecific and have higher 
avidity resulting from the bivalency for each speci- 
ficity. CD3 x CD19 Tandabs were more potent 
than the diabody for inducing human T cell pro- 
liferation in the presence of irradiated CD19 + 
B cells. In cytotoxic assays, Tandabs were able to 
retarget human T lymphocytes to malignant 
B cells. The efficiency of Tandab-mediated cell lysis 



also compared favorably to that obtained with a 
diabody of the same dual specificity. In vivo studies 
demonstrated that tetravalent Tandabs were more 
stable and were retained longer in the blood of 
normal mice compared to scFv and diabodies. This 
bispecific antibody format could therefore prove to 
be particularly advantageous for cancer immuno- 
therapy. 

Results 

Design of single chain molecules comprising 
four antibody variable domains 

The concept of dimerizing scFv fragments having 
a short peptide linker between the two domains to 
create two antigen-binding sites pointing in oppo- 
site directions (Holliger et al, 1993) was extended to 
single chain molecules containing four antibody 
variable domains. We previously constructed a 
CD3 x CD19 bispecific diabody comprising two 
hybrid scFv fragments: an anti-human CD3 V H 
domain joined to an anti-human CD19 V L domain 
by a short linker peptide and an anti-CD19 V H con- 
nected to an anti-CD3 V L by a similar linker 
(Kipriyanov et al, 1998). We have now fused these 
hybrid scFvs into a single chain polypeptide using 
either a long (20 amino acid residues) (Gly 4 -Ser) 4 or 
short (five amino acid residues) Gly-Gly-Pro-Gly- 
Ser linker (Figure 1(a)). The short linker design was 
based on our experience with the generation of 
stable mono- and bispecific diabodies using a linker 
mainly derived from the N-terminal part of a mur- 
ine C H 1 domain that contained a proline residue 
(Arndt et al., 1999; Kipriyanov et al, 1998; Le Gall 
et al, 1999). We therefore modified the traditional 
Gly 4 -Ser motif (Holliger et al, 1993; Huston et al, 
1988) to include a proline residue. However, the 
actual linker length is larger because we originally 
cloned the antibody V K domains using an anti-sense 
primer complementary to the 5'-region of the C K 
domain gene (Kipriyanov et al, 1996a). Therefore, 
seven additional amino acid residues introduced by 
this primer are part of the long (LL) and short (SL) 
linkers (27 and 12 residues, respectively; 
Figure 1(a)). The long linker was designed to span 
the distance between the carboxy terminus of the 
first pair of V-domains and the amino terminus of 
the second pair to form a sc-diabody (Figure 1(b)). 
In contrast, the short linker should prevent intramo- 
lecular V H -V L pairing and force the four domains to 
interact with complementary ones of another mol- 
ecule with the formation of an eight-domain Tan- 
dab (Figure 1(c)). It should not be too short, 
however, since the antigen-binding sites in the 
middle of the molecule might then be sterically hin- 
dered. We therefore chose a 12 residue linker to 
satisfy these two criteria. 

Bacterial expression and purification 

The four-domain single chain molecules were 
expressed as soluble secreted proteins in Escherichia 
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Figure 1. (a) Schematic representation of operons and structural models of (b) sc-diabody and (c) tandem diabody. 
The locations of promoter/ opera tor (p/o), ribosome-binding site (rbs), pelB leader (pelB), c~myc epitope (c-myc), hexa- 
histidine tag (his 6 ) and stop codon (stop) are indicated. The atoms of the long flexible linker (LL) are represented as 
filled spheres. Beta-sheets are shown in yellow, beta-turns in blue and irregular peptide sequences in green. The pos- 
itions of anti-CD3 and anti-CD19 variable domains are indicated. 



coli. They were isolated from crude periplasmic 
fractions by immobilized metal affinity chromatog- 
raphy (EMAC). In contrast to IMAC-purified prep- 
arations of well-expressed bispecific CD3 x CD19 
diabody (Kipriyanov et al., 1998), those of the four- 
domain single chain molecules contained large 
amounts of impurities (Figure 2(a), lane 1). Fortui- 
tously, we found that by exchanging the buffer after 
IMAC for 50 mM imidazole-HCl (pH 6.4-6.7), most 
of the contaminating bacterial proteins precipitated 
while the recombinant antibody fragments 
remained soluble (Figure 2(a), lane 2). In a final step 
using the cation-exchange chromatography, recom- 
binant single chain molecules were obtained with a 
purity greater than 95% (Figure 2(b)). On SDS- 
PAGE, single bands were observed with mobilities 
quite close to those expected (calculated M r = 57.1 
and 56.2 kDa for single chain molecules with LL 
and SL, respectively). The corresponding 
CD3 x CD19 diabody migrated as two closely 
spaced protein bands with M r —30 kDa (Figure 2(b), 
lane 1). 

Effect of different expression methods on the 
formation of tandem diabodies 

An analysis of the dimerization behavior of four 
domain single chain molecules was performed by 
size-exclusion FPLC on a Superdex 200 column in 



PBSI buffer (PBS with 50 mM imidazole (pH 7.0)). 
This buffer was used because, in our experience, 
PBS alone appeared to be unfavorable for the stab- 
ility of some antibody fragments, regardless as to 
whether they had been isolated from inclusion 
bodies or from soluble periplasmic extracts. For 
example, buffer exchange for PBS resulted in the 
aggregation of anti-CD19 scFv and, to a lower 
extent, of the bispecific CD3 x CD19 diabody 
(Kipriyanov et al, 1998). Hydrophobic amino acids 
from either the V H /V L or variable/constant 
domain interfaces, which are normally buried in 
the Fab fragment but become exposed to solvent in 
recombinant scFv (Nieba et al, 1997), might be the 
cause of aggregation. The use of Tris-HCl or Hepes 
buffers with high salt concentrations (e.g. 1 M 
NaCl) can help to solve this problem. Alterna- 
tively, the presence of imidazole can stabilize scFv 
fragments and diabodies (our observation) as well 
as scFv-RNAse fusion proteins (Dr Dianne New- 
ton, personal communication). Empirically, we 
have determined that PBS with 50 mM imidazole 
(pH 7.0-7.5), is a suitable buffer for various anti- 
body fragments kept at relatively high concen- 
trations (2-3 mg/ml). Moreover, this buffer did not 
interfere with antigen binding and did not show 
any toxic effects after incubation with cultured 
cells or after injection into mice (intravenous injec- 
tion of 200 ai). 
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Figure 2. Analyses of bispecific antibody fragments 
by 12% SDS gel electrophoresis under reducing 
conditions, (a) SDS-PAGE of the purification of SL-pro- 
duct. Lanes: M, MW markers; 1, sample from IMAC; 
2, sample after buffer exchange for 50 mM imidazole- 
HC1 (pH 6.4) and centrifugation; 3, sample eluted from 
Mono S column, (b) SDS-PAGE of purified bispecific 
antibody fragments. Lanes: M, markers; 1, diabody; 
2, LL product; 3, SL product. The gels were stained with 
Coomassie brilliant blue. The positions of four domain 
single chain molecules are indicated. 



Size-exclusion chromatography of the LL pro- 
duct purified from bacteria induced in the presence 
of 0.4 M sucrose (Kipriyanov et al, 1997a) revealed 
the presence of the monomelic sc-diabody 
(M r ~ 55 kDa) as well as the homodimer (Tandab) 
with an apparent M T ~ 115 kDa (Figure 3(b)). We 
therefore investigated whether the amount of Tan- 
dab may depend on the folding history of the pro- 
tein, and thus on the expression method. The LL 
and SL products were isolated from periplasmic 
extracts of E. coli cells induced either in normal 
rich medium or under osmotic stress in the pre- 
sence of non-metabolized additives such as sucrose 
(Kipriyanov et al, 1997a) or sorbitol and glycine 
betaine (Blackwell & Horgan, 1991). As shown in 
Figure 3, significant increases of the dimeric frac- 
tions were obtained using bacteria grown in modi- 
fied media. As expected, the amount of 
homodimers was dependent on the linker length. 
While the LL product comprised almost no dimers 
using normal medium and about 50% dimers 
using sorbitol/betaine medium, 80-100 % of the SL 
product was in a dimeric form (Figure 3). In con- 
trast, isolation from inclusion bodies and refolding 
in vitro led exclusively to monomelic LL molecules 
and predominantly monomeric SL molecules with 
only 20-30% dimer formation (data not shown). 
Rechromatography of the first and second peak 
fractions for both the LL and SL products isolated 
either from soluble periplasmic extracts or from 
inclusion bodies yielded only a single species, Tan- 
dab or sc-diabody, respectively (data not shown). 

The yields of four-domain single chain molecules 
with LL and SL after expression in £. coli shake 
flask cultures in sorbitol/betaine medium and 
purification were 0.48(±0.14) mg/1 per A b0Q nm 
(n = 5) and 0.60(±0.11) mg/1 per A 600nm (n = 4), 
respectively. These values were three- to fourfold 
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Figure 3. Elution profiles of purified LL product 
(continuous lines) and SL product (dotted lines) from 
calibrated Superdex 200 gel filtration column. Antibody 
fragments isolated from bacteria induced in (a) normal 
2 x YT medium, (b) medium with sucrose and (c) med- 
ium with sorbitol and betaine were analyzed. The peaks 
taken for further in vitro and in vivo analyses are indi- 
cated. 



higher than those obtained for material isolated 
both from inclusion bodies and the soluble peri- 
plasmic fraction after expression in normal med- 
ium (data not shown). For further analyses, 
homogeneous preparations of the sc-diabody with 
the long linker and Tandabs with both the long 
and short linkers were obtained by isolating the 
respective peaks after size-exclusion chromatog- 
raphy. 
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Antigen binding activity 

Flow cytometry experiments demonstrated 
specific interactions with both human CD19 + JOK-1 
and CD3 + Jurkat cells for all the recombinant bi- 
specific antibodies (Figure 4). On a weight basis, the 
diabody showed the highest fluorescence intensities 
when interacting with JOK-1 cells and Tandabs 
gave the highest signals for binding to Jurkat cells. 
Surprisingly, the sc-diabodies showed higher fluor- 
escence intensities for binding to Jurkat ceils, even 
though they contained only one c-myc epitope for 
immunodetection in contrast to the two peptide 
tags of the diabodies (Kipriyanov et al, 1998) 
(Figure 4(b) and (d)). 

The CD19 and CD3 binding affinities were esti- 
mated by competitive binding to human JOK-1 
and Jurkat cells in the presence of either FTTC- 
labeled anri-CD19 MAb HD37 (Pezzutto et al, 
1987) or anti-CD3 MAb OKT3 (Kung et al, 1979) 
(Figure 5(a) and (b)). The relative affinities were 
calculated from the corresponding JC 50 values. 
Compared to the diabody, the sc-diabody bound 



CD19 with an almost identical affinity, while the 
SL and LL-Tandab had affinities that were approxi- 
mately 1.5 and threefold higher, respectively. Even 
higher increases in affinity were found for binding 
to CD3 + cells. The sc-diabody, SL and LL-Tandab, 
respectively, bound CD3 1.5, three- and eightfold 
more efficiently than the diabody (Table 1). 

To investigate the biological relevance of the 
differences in affinity values of the bispecific mol- 
ecules, their in vitro retention on the surface of 
both CD3 and CD19-positive cells at 37 °C was 
determined by flow cytometry (Figure 5(c) and 
(d)). The sc-diabody had a relatively short reten- 
tion half-life (t U2 ) on CD19+ JOK-1 cells, almost 
identical with the r 1/2 of the diabody (Table 1). In 
contrast, both the tandem diabodies were retained 
significantly longer on the surface of JOK-1 cells 
(Table 1). The half-lives of all the bispecific anti- 
bodies on the surface of CD3 + Jurkat cells were 
relatively short (Figure 5(d) and Table 1), reflecting 
the lower CD3 binding affinities deduced from 
inhibition experiments (Figure 5(b)). In contrast to 
the diabody and sc-diabody, both tandem diabo- 








Figure 4. Flow cytometric analy- 
sis of antibody fragments binding 
to (a), (c) CD19+/CD3- JOK-1 cells 
and (b), (d) CD3VCD19" Jurkat 
cells, (a) and (b) Fluorescence 
dependence on antibody concen- 
tration, (c) and (d) Overlay plots 
obtained for antibodies at 10 ug/ ml 
concentration. 
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Figure 5. Analyses of apparent 
affinities by (a), (b) flow cytometry 
and (c), (d) by cell surface retention 
in vitro. Inhibition of binding of 
(a) FITC-labeled MAb HD37 to 
JOK-1 cells and (b) FITC-labeled 
MAb OKT3 to Jurkat cells in the 
presence of bispecific antibody 
fragments are shown. Analogously, 
cell surface retention profiles were 
determined either with JOK-1 or 
(d) Jurkat cells. 



dies demonstrated a biphasic decay of fluorescence 
intensity associated with Jurkat cells (Figure 5(d)). 
The fast half-life (f 1/2 ot) of both Tandabs was nearly 
identical with the t U2 of the sc-diabody, while the 
slow half-life (f 1/2 p) was almost threefold longer 
than f 1/2 a (Table 1). This biphasic dissociation of 
the Tandabs may indicate the presence of sub- 
populations of Jurkat cells with different densities 
of the CD3e epitope on their surface. 



redirecting T cell cytotoxicity. At a concentration of 
10 ug/ml, the sc-diabody was as potent as the dia- 
body in mediating tumor cell killing by activated 
human PBL but was slightly less potent than both 
of the Tandabs (Figure 6(b)). Comparisons of cell 
apoptosis efficiency at various molar concen- 
trations of the bispecific antibodies demonstrated a 
consistently better performance of the Tandabs 
(Figure 6(c) and (d)). 



Biological activity 

Two in vitro tests were used for comparing the 
biological activity of the bispecific antibodies. First, 
their ability to stimulate T cell proliferation when 
bound to the surface of tumor cells was deter- 
mined. Irradiated CD19+ Raji cells were treated 
with different concentrations of each bispecific 
antibody and subsequently incubated in the pre- 
sence of human PBL prestimulated with a low- 
dose of IL-2. As shown in Figure 6(a), diabody 
treatment resulted in a strong dose-dependent 
increase in T cell proliferation. In comparison, the 
SL-Tandab performed significantly better and the 
LL-Tandab showed the highest stimulatory effect. 

The second test measured the ability of the bis- 
pecific molecules to induce tumor cell lysis by 



Stability in vitro 

One of the most important applications of BsAbs 
is in cancer therapy where factors such as plasma 
half-life and rumor penetration play an important 
role. The BsAb should also be stable at 37 °C in 
human serum to have a significant anti-tumor 
effect. We therefore analyzed the antigen-binding 
activity of the recombinant BsAb molecules when 
stored at a fairly low concentration in human 
serum at 37 °C for prolonged periods of time. A 
concentration of 15 ug/ml was chosen in order to 
avoid the fluorescence plateau in FACScan analysis 
(Figure 4). The residual activity was estimated by 
flow cytometry with CD3 + Jurkat cells, since the 
CD3-binding activity of the diabody was pre- 
viously shown to be less stable than the CD19- 
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Table 1. Affinity and binding kinetics of recombinant bispecific molecules 

k off fast 6 k off slow* 

Antibody Valency* /C^ (nM) K$> (nM) (s^/lO' 3 ) t U2 z c (minutes) (s^/lO" 3 ) t u2 V (minutes) 



A. JOK-l cells (CD3-/CD19+) 

Diabody M 25.25 1.29 1.16 ±0.28 10.0 N.D. N.D. 

sc-diabody M 26.61 1.36 1.05 ± 0.30 11.0 N.D. N.D. 

LL-Tandab B 9.19 0.47 0.48 ± 0.18 243 N.D N.D. 

SL-Tandab B 20.45 1.05 074 ± 0.22 15.7 N.D. N.D. 

B. Jurkat cells <CD3 + /CD19') 

Diabody M 154.58 15.46 3.97 ±1.42 2.9 N.D. N.D. 

sc-diabody M 108.18 10.82 3.44 ± 1.02 3.4 N.D. N.D. 

LL-Tandab B 20.04 2.00 3.30 ± 1.27 3.5 1.04 ±0.50 11.2 

SL-Tandab B 57.80 5.78 3.31 ± 0.99 3.5 1.17 ±0.53 9.8 



N.D., not determined. 

* Putative valency for each specificity. M, monovalent; B, bivalent. 

b Deduced from inhibition experiments. 

c Deduced from cell surface retention assays. 



binding activity (Kipriyanov et al. t 1998). We found 
that all of the bispecific molecules retained 80-90 % 
of their antigen binding activity after 24 hours 
incubation at 37 °C in human serum (Figure 7(a)). 
Prolonged incubation demonstrated that single 
chain molecules appeared to be more stable than 
the non-covalent dimer diabody with 1.5 to 2.5- 



fold increased half-lives (Table 2). For example, 
even after incubation for one week at 37 °C, the 
LL-Tandab retained 40% of its activity (data not 
shown). Western blot analyses of the samples of 
bispecific molecules showed no proteolytic degra- 
dation for any of them after 81 hours of incubation 
in human serum at 37 °C (data not shown). 
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Figure 6. Biological activity of diabodies and tandem diabodies. (a) BsAb stimulation of activated human T cell 
proliferation in the presence of irradiated CD19 + Raji cells, (b)-(d) BsAb mediated killing of Raji cells by activated 
human PBL as determined by a JAM test. Effector: tumor cell ratio was 25:1. (b) Antibody fragments were used at 
concentration of 10 (ig/ ml. Mean values ± SE are plotted. 
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Figure 7. In vitro and in vivo stability of bispecific 
antibody fragments, (a) Stability in human serum at 
37 °C as determined by flow cytometry using CD3 + Jur- 
kat cells. Activities of the samples at point zero were 
taken as 100%. (b) In vivo stability of l2S I-labeled anti- 
body fragments. Protein-bound radioactivity in TCA 
precipitated plasma samples were calculated as percen- 
tages of the total radioactivity (TCA-pellet and super- 
natant) at specific time points. The values up to six 
hours after administration of the labeled compounds are 
plotted as mean values ± SE. 



Blood clearance and stability in vivo 

To compare the plasma clearance pharmacoki- 
netics of Tandabs and smaller antibody fragments, 
we administered preparations of 125 I-labeled anti- 
human CD3 scFv monomer (30 kDa) (Kipriyanov 
et al, 1997b), CD3 x CD19 diabody (58 kDa) 
(Kipriyanov et al, 1998), LL-Tandab (114 kDa) and 
SL-Tandab (113 kDa) intravenously to mice. Blood 
samples were taken at various time points. To 
exclude errors in calculating plasma half-lives due 
to free radioiodine resulting from cellular, meta- 
bolic degradation of labeled protein, we first deter- 
mined the proportion of protein-bound 
radioactivity for each plasma sample by TCA pre- 
cipitation. As can be seen in Figure 7(b), TCA-pre- 
cipitable radioactivities of scFv decreased rapidly 
in the blood over time, only 50% of the radioac- 
tivity were bound to protein 30 minutes after the 
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intravenous injection. In contrast, the diabody lost 
its label much more slowly, more than 50 % of its 
radioactivity could be precipitated three hours 
after injection. The Tandabs were even more stable: 
72 and 52% of the radioactivity was found to be 
associated with protein six hours after adminis- 
tration of the LL and SL-Tandab, respectively 
(Figure 7(b)). The estimated half-lives of the dia- 
body and the Tandabs exceeded that of the scFv 
three- and sixfold, respectively (Table 2). SDS- 
PAGE analysis followed by autoradiography 
showed no degradation of either Tandab 1.5 hours 
after injection (data not shown). 

Analyses of blood samples at different time 
points demonstrated an extremely rapid clearance 
of scFv from plasma, with an alpha-phase (extrava- 
sation and renal clearance) half-life (t l/2 3>) of 3.5 
minutes and a beta-phase (catabolism) (f 1/2 P) of 
74.6 minutes (Figure 8). The diabody had an 
approximately twofold slower first-pass clearance 
and a somewhat slower catabolism (Figure 8 and 
Table 2). Even slower plasma clearance rates were 
observed for the larger Tandabs (Figure 8). Alpha- 
phase half-lives were estimated to be four- and 
eightfold higher for the SL and LL-Tandabs, 
respectively, in comparison to that of scFv 
(Table 2). The pharmacokinetic areas under the 
curves (AUC) were calculated for all of the anti- 
body fragments to provide a means of estimating 
the total relative dose that would be delivered in a 
therapeutic application. Tandem diabodies demon- 
strated the best pharmacokinetic performance, 
their AUC values were two- and fivefold higher 
than AUC values calculated for the diabody and 
scFv, respectively (Table 2). The differences in the 
pharmacokinetic properties of these constructs cor- 
relate quite well with their size. 
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Figure 8. Pharmacokinetics of plasma retention of 
125 I-labeled antibody fragments in mice. Blood samples 
were obtained at the times indicated. Data were cor- 
rected for non-TCA-precipitable radioactivity. The 
values up to six hours after administration of the 
labeled compounds are plotted as mean values ± SE. 
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Table 2. In vitro and in vivo stability and pharmacokinetic parameters for scFv and bispecific antibody fragments 



Antibody 
fragment 


Stability* 

in Vitro 
t l/2 (hours) 


in Vivo 
t U2 (hours) 


Blood clearance 
r 1/2 a (minutes) 


Pharmacokinetics 6 
t 1/2 p (minutes) 


AUC 
%ID/g per minute 


scFv 


N.D. 


1.2 


3.5 


74.6 


422.4 


Diabody 


63.0 


3.1 


8.4 


91.9 


1123 


sc -diabody 


1577 


N.D. 


N.D. 


N.D. 


N.D. 


LL-Tandab 


126.2 


7.3 


28.5 


1197 


2919 


SL-Tandab 


87.3 


6.8 


11.9 


92.5 


2234 



N.D., not determined. 

* The half-life values for stability measurements were deduced from the one phase exponential decay fit of experimental data pre- 
sented in Figure 7 and were calculated as ln2/fc. 

b To estimate the blood retention half-lives, a bi^exponential function was fitted to each blood clearance curve (Figure 8) after cor- 
recting for metabolic degradation of labeled protein. The therapeutic effectiveness of the analyzed antibody fragments was also com- 
pared by integration of the blood retention curves. The areas under the curve (AUC) were measured to infinite time with each curve 
being represented as a bi-exponential function. 



Discussion 

We have constructed novel recombinant bispeci- 
fic tetravalent antibody fragments that we have 
named "tandem diabodies", since their design is 
based on the intermolecular pairing of V H and V L 
domains as described for diabodies (Holliger et ah, 
1993). Although the non-covalent forces holding 
the V H and V L domains together are fairly weak, 
often resulting in Fv dissociation (Glockshuber 
et ah, 1990), the association of two V H /V L pairs in 
a dimer of V H -V L fusion proteins (diabody) pro- 
vides a relatively stable structure (Holliger et ah, 
1993; Kipriyanov et ah, 1998). This observation 
prompted us to consider whether single chain mol- 
ecules consisting of four variable domains of two 
different specificities would form a stable homodi- 
mer with four antigen-binding sites. In contrast to 
previously described bivalent and bispecific scFv- 
scFv tandems (Gruber et ah, 1994; Kurucz et al, 
1995), this new class of tandem diabodies are tetra- 
valent. The results presented here demonstrate that 
such Tandabs can be obtained in a functional form 
from E. coli by fusing two hybrid variable domain 
pairs in a single polypeptide. The order of 
V-domains and the linker peptides between them 
were designed such that each domain pairs with a 
complementary domain in another molecule (Tan- 
dab) or in the other half of the same molecule 
(single chain diabody). 

Since our antibody fragments have genetically 
fused hexahistidine tags, we used immobilized 
metal affinity chromatography for the isolation of 
recombinant products from crude bacterial peri- 
plasmic extracts. If the His-tagged protein is highly 
over-expressed in £. coli, a one-step IMAC purifi- 
cation can result in sufficiently pure material for 
most applications (Casey et al, 1995; Kipriyanov 
et al, 1998). However, if the protein of interest is 
present only as a small fraction, several contami- 
nating bacterial proteins can bind to the IMAC col- 
umn under the purification conditions and co-elute 
(for a list of histidine-rich £. coli proteins, see 
Miiller et al, 1998a). For further purification of 
antibody fragments from IMAC-eluted material, 



either antigen-affinity chromatography 

(Kipriyanov et ah, 1994), thiophilic adsorption chro- 
matography (Miiller et ah, 1998b; Schulze et ah, 
1994) or irruiiunoaffinity purification using 
immobilized anti-His-tag monoclonal antibodies 
(Miiller et ah, 1998a) have been used. Here, we 
describe a relatively simple alternative procedure 
based on the separation of proteins according to 
their solubility in imidazole-HCl buffer. We found 
that poorly expressed antibody fragments eluted 
from IMAC columns can be further enriched by 
buffer exchange with 50 mM imidazole-HCl 
(pH 6.4), and subsequently purified to homogen- 
eity by ion-exchange chromatography in the same 
buffer. This approach was tested for a number of 
scFv-based recombinant proteins and seems to be 
generally applicable. 

The dimerization of the four-domain single 
chain molecules proved to be dependent on the 
expression method. Dimers were probably a pro- 
duct of domain swapping (Bennett et ah, 1994) 
when obtained from soluble periplasmic extracts, 
whereas predominantly monomers were isolated 
from inclusion bodies after refolding. Similar 
observations on the formation of scFv dimers were 
made by Arndt et ah (1998). Major differences 
between periplasmic folding and refolding in vitro 
include high protein concentrations in the peri- 
plasm and the presence of bacterial chaperones. A 
rough estimation of the concentration of recombi- 
nant antibody during folding in the periplasmic 
space of bacteria indicated a 500- fold difference to 
the low concentrations employed for folding in vitro 
(Amdt et ah, 1998). The domain-swapped dimer is 
increasingly favored when the concentration of the 
protein increases (Schlunegger et ah, 1997). Some 
other unknown factors in the periplasm might also 
influence dimerization. Here, we demonstrate for 
the first time that inducing synthesis of recombi- 
nant antibody fragments in bacteria under osmotic 
stress promotes the formation of domain-swapped 
dimers. We tested the effect of adding non-metab- 
olized low molecular mass compounds to the nor- 
mal growth medium. These were 0.4 M sucrose 
and 1 M sorbitol in combination with 2.5 mM gly- 
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cine betaine, both of which were previously shown 
to inhibit aggregation and encourage correct fold- 
ing of recombinant proteins in E. coli (Blackwell & 
Horgan, 1991; Bowden & Georgiou, 1990; 
Kipriyanov et al, 1997a; Sawyer et al, 1994). 
Although little is known about the mechanism of 
action of sucrose, sorbitol, or betaine on protein 
folding in vivo, these compounds appear to stabi- 
lize protein structures in vitro (Arakawa & 
Timasheff, 1985; Lee & Timasheff, 1981; Xie & 
Timasheff, 1997). 

Dimers of the four-domain single chain mol- 
ecules probably take the form of domain-swapped 
tandem diabody (Figure 1(c)). It is very likely that 
a high-energy barrier must be overcome for sc-dia- 
body to open up and dimerize, as illustrated in 
Figure 9. To pass from a closed monomer 
(Figure 9(a)) to a domain-swapped dimer 




Figure 9. Model of putative pathways leading to 
sc-diabodies and domain-swapped dimers. The model 
describes the monomeric and dimeric species in three 
different forms, an open, a double open and a closed 
form, (a), (f) The closed form represents the stable bispe- 
cific molecule with intact V H /V L interfaces that is able 
to bind both antigens and cross-link two cells, (b), (d) In 
the open form, only half of the V H /V L complexes are 
formed, the two complementary domains can separate 
but are not able to change the oligomerization state, 
(c) The double open form represents the conformation 
of a monomer with no paired V-domains, which can 
adopt either the mono- or dimeric conformation. The V H 
and V L domains of both specificities as well as the 
C-terminal c-myc epitope are indicated. The filled arrows 
indicate possible transition pathways. The broken 
arrows illustrate putative free energy relationships 
between different monomeric and dimeric forms and 
indicate the presence of two transition steps. Depending 
on experimental conditions, either the monomer or the 
dimer can be the more stable molecular form. Tandabs 
shown in (e) and (0 illustrate different conformational 
states of the closed dimer. It is quite probable that after 
the first binding event to a cell surface the conformation 
of the dimer adjusts to enable bivalent binding to the 
same cell and the cross-linking of two cells. 



(Figure 9(0)/ the sc-diabody must first pass 
through the open monomer form in which non- 
covalent bonds of the V H /V L interface are broken 
(Figure 9(b)). The sc-diabody is a functional four- 
domain protein stabilized by the non-covalent 
association of two V H /V L pairs (Figure 9(a)). These 
interactions can be substantial since the dis- 
sociation constants for Fv fragments can be in the 
range of 1-100 nM (Givol, 1991; Mallender et al, 
1996; Polymenis & Stollar, 1995). The energy bar- 
rier would probably be much higher than that 
required for the formation of Fv dimers (Arndt 
et al, 1998), since a double open monomer is 
needed for swapping each domain (Figure 9(c)). 
The latter requirement can probably only be 
achieved under denaturing conditions. The same 
forces that stabilize the association of domains in 
the monomer must stabilize the dimer. Accord- 
ingly, the transition from a closed Tandab 
(Figure 9(e) and (f)) to the double open monomer 
(Figure 9(c)) requires the consecutive dissociation 
of four V H /V L complexes. This could explain why 
we did not see any interconversion between the 
sc-diabody and the Tandab in vitro, for example, 
under conditions of constitutive dilution during 
the re-chroma tography of Tandabs, as was pre- 
viously observed for non-covalent scFv dimers 
(Kipriyanov et al, 1994), or during the concen- 
tration of the sc-diabody (data not shown). The 
incubation of Tandabs at 37 °C for prolonged 
periods of time also did not cause any large 
decreases in antigen binding as would be expected 
for a dimer-monomer transition (Figures 4 and 7). 
It is therefore quite probable that the four-domain 
single chain molecules undergo dimerization 
during folding in vivo. This would occur if the 
association of folded domains is slow relative to 
domain folding. When closed monomer-stabilizing 
conditions are provided, the open monomers 
(Figure 9(c)) may either fold "head-to-tail" 
(Figure 9(b)) or swap domains with complemen- 
tary ones of another molecule (Figure 9(d)). The 
solvent additives such as sucrose, sorbitol and 
betaine might affect the rate of intramolecular and 
intermolecular domain pairing and thus shift the 
monomer/ dimer balance. For example, it was pre- 
viously shown that the protein structure stabilizing 
properties of sucrose, sorbitol and betaine reflect 
their stronger exclusion from the unfolded protein 
than from the native structure (Arakawa & 
Timasheff, 1985; Lee & Timasheff, 1981; Xie & 
Timasheff, 1997). This interaction makes it thermo- 
dynamically unfavorable for proteins to unfold. An 
additional possibility is that the stabilizers influ- 
ence periplasmic factors involved in protein fold- 
ing. 

We propose that both the diabody and the 
sc-diabody have fairly similar structures 
(Figure 1(b)), which appear to be reflected in their 
very close antigen-binding and biological charac- 
teristics. However, the linker of the sc-diabody 
may give rise to conformational changes in the 
V H /V L interface, since the sc-diabody bound with 
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somewhat higher affinity to CD3 + cells than the 
diabody (Figure 4 and Table 1). Surprisingly, the 
diabody showed the highest fluorescence intensi- 
ties on a weight basis among all examined anti- 
bodies when interacting with JOK-1 cells 
(Figure 4(a) and (c)). However, competition bind- 
ing assays and cell-surface retention experiments 
demonstrated that the enhanced fluorescence sig- 
nals of the diabody were not caused by enhanced 
affinity (Table 1); they are probably due to the 
smaller size of the diabody thus facilitating its 
binding to less accessible cell-anchored CD19 anti- 
gens or better presentation of the two c-myc epi- 
topes for immunodetection. 

Compared with the CD3 x CD19 diabody, the 
Tandabs exhibited a higher apparent affinity of 
antigen binding and slower dissociation from both 
CD3 + and CD19 + cells. A priori, it was unclear to 
what extent an affinity increase would occur with 
a Tandab that is potentially bivalent for each anti- 
gen. For example, the distance between the anti- 
gen-binding sites of the same specificity was 
expected to be shorter in the Tandab than in the 
IgG molecule. Furthermore, unlike the flexible Fab 
arms of an IgG that freely rotate on the hinge, the 
Tandab seemed to have a fairly rigid configuration 
(Figure 1(c)). If antigen-binding sites of the same 
specificity occurred only on different sides of the 
diabody tandem, bivalent cell binding would not 
have been possible. However, the cell surface 
retention assay clearly demonstrated bivalent cell 
binding for both of the Tandabs. A closer examina- 
tion of the SL-Tandab model from a different per- 
spective (top view) showed a boomerang-shaped 
symmetric structure with the two halves oriented 
at an angle of about 165° and separated by the 
two crossed linkers (Figure 10). The CDR loops of 
both CD19-binding sites appear to project in one 
direction, just opposite to the orientation of the 
anti-CD3 parts of the molecule. The distances 



between the CD19-binding sites in the SL and LL- 
Tandab were estimated to be 55 and 110 A, 
respectively. Moreover, the CD3-binding sites, 
even in the SL-Tandab, can span a distance of up 
to 150 A, which is similar to the stretch of Fab 
arms in an IgG molecule (Harris et al, 1998). The 
molecular model was thus consistent with our 
experimental findings. 

The length of the linker appeared to have some 
influence on antigen binding, since the LL-Tandab 
showed a significantly lower K D and slower k o(f 
from CD19-positive cells than the SL-Tandab 
(Table 1). This could be due to the larger distance 
between CD19-binding sites in the LL molecule 
and /or the higher flexibility and freedom of 
rotation that facilitate bivalent interaction with the 
cell. In contrast to their dissociation from CD19* 
cells, we did not observe any difference in k off 
between LL and SL-Tandabs for dissociation from 
CD3 + cells (Figure 4 and Table 1). This may indi- 
cate that the distance between the CD3-binding 
sites is sufficient in both molecules to achieve biva- 
lent binding. In addition, the linker may affect the 
globular structure of Tandabs, which could 
account for the observed differences in their phar- 
macokinetic parameters. 

The Tandabs were consistently more effective 
than the diabody for inducing T cell proliferation 
in the presence of tumor cells and in effector cell 
retargeting. As expected, both Tandabs had lower 
clearance rates compared to smaller antibody frag- 
ments such as the scFv and the diabody. The phar- 
macokinetic parameters (f x /2 and AUC) of Tandabs 
proved to be quite similar to those of 100 kDa 
F(ab')2 fragments and exceeded those of the smaller 
(scFv') 2 and Fab fragments (for a review, see 
Adams, 1998). We have shown here that both the 
sc-diabody and the Tandab are significantly more 
stable than the diabody in vitro and in vivo 
(Figure 7 and Table 2). They might therefore be 
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Figure 10. Structural model of SL-Tandab (top view). Anti-CD3 V H and V L domains are shown in red and green, 
anti-GDI 9 V H and V L in magenta and cyan, respectively. The linkers between V-domains and the SL-linkers are 
shown in yellow and white, respectively. To indicate the antigen-binding sites, the residues of the most hypervariable 
CDR-3 loops of either V-domain are shown in a spacefill mode. The Figure was generated using a molecular visual- 
ization program RasMol v2.5 (Roger Sayle, Biomolecular Structure, Glaxo Research and Development, Greenford, 
Middlesex, UK). 
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more useful than the smaller monovalent or biva- 
lent antibody fragments for clinical applications 
where longer serum performance times are desi- 
rable. A further advantage of Tandabs is that they 
are homodimers stabilized by four interdomain 
pairings that assemble from a single homogeneous 
expression product. The bispecific diabody prep- 
arations, on the other hand, usually contain a sig- 
nificant proportion of non-functional homodimers 
(Zhu et al, 1996, 1997), which makes it difficult to 
obtain a pure homogeneous product. If the Tandab 
dissociates, it can still form a functional single 
chain diabody. The construction of a sc-diabody is 
an alternative way to stabilize a bivalent bispecific 
diabody in addition to the incorporation of an 
interrnolecular disulfide bridge or a knob-into-hole 
approach (FitzGerald et al, 1997; Zhu et al, 1997). 

The novel bispecific recombinant molecules 
described here are potential immunotherapeutic 
agents for treating B cell leukemias and malignant 
lymphomas, since they bind to the human B cell 
surface antigen CD19 and the CD3e chain of the 
human CD3/TCR complex. Two different 
approaches have been used previously to generate 
tetravalent bispecific antibodies: scFv fusion to 
whole IgG (Coloma & Morrison, 1997) and dimeri- 
zation of scFv-scFv tandems via a linker containing 
a helix-loop-helix motif (Miiller et al, 1998b). In 
contrast, tandem diabodies comprise only antibody 
variable domains without the need of extra self- 
associating structures. To reduce the risk of an 
immune reaction, appropriate V H and V L frag- 
ments could be selected from a human antibody 
library. The linkers can also be easily replaced with 
ones of human origin. Tandem diabodies are there- 
fore an attractive alternative to existing antibody- 
derived therapeutics for clinical applications. 

Materials and Methods 

Molecular modeling 

A 3D model of the CD3 x CD19 diabody was gener- 
ated using the Internet-based homology modeling soft- 
ware (WHATIF) of the EMBL BioComputing unit 
(http://swift.embl-heidelberg.de/servers/) (Rodriguez 
et al, 1998). The experimentally solved structure of a 
bivalent diabody (PDB-entry 1LMK) (Perisic et al, 1994) 
and a model of the OKT3 derived Fv fragment 
(Kipriyanov et al, 1997b) were used as templates. The 
model optimization was performed using the Biopoly- 
mer option of Insight II (Molecular Simulations, San 
Diego, CA). A preliminary 3D structure of the 27 residue 
long linker was constructed by hand using the Protein 
option of the Insight II. This model was attached to the 
diabody structure to link the C terminus of V L 19 with 
the N terminus of V H 19. The linker was allowed to equi- 
librate and fit smoothly to the surface of the diabody by 
running molecular dynamic simulations at 300 K for 
100 ps. During the simulation, only the atoms of the con- 
structed linker were allowed to move. The model of the 
tandem diabody was constructed in a similar way with 
the exception that no molecular dynamic simulations 
were performed because of the large computational 
power required for molecules of such a size. 



Plasmid construction 

For all the cloning steps and DNA isolation, the E. coli 
K12 strain XLl-Blue (Stratagene, La Jolla, CA) was used. 
Plasmids pHOG3-19 and pHOG19-3 coding for hybrid 
V H 3-V L 19 and V H 19-V L 3 scFvs (Kipriyanov et al, 1998) 
were used for assembly of sc-diabody and Tandab 
genes. The gene encoding scFv3-19 was amplified by 
PCR with the primers Bi3sk, 5'-CAG CCG G CC ATG 
GCG CAG GTG CAA CTG CAG CAG and either Li-1, 
5'-TAT ATA CTG CAG CTG CAC CTG GCT ACC ACC 
ACC ACC GGA GCC GCC ACC ACC GCT ACC ACC 
GCC GCC AGA ACC ACC ACC ACC AGC GGC CGC 
AGC ATC AGC CCG to generate a long flexible (Gly^ 
Ser) 4 intramolecular linker (PCR fragment 1) or Li-2, 
5'-TAT ATA CTG CAG CTG CAC CTG CGA CCC TGG 
GCC ACC AGC GGC CGC AGC ATC AGC CCG to 
generate a short rigid Gly-Gly-Pro-Gly-Ser linker (PCR 
fragment 2). The expression plasmids pDISCl-LL and 
pDISC2-SL were constructed by ligation of the hicolf 
Pvull restriction fragment from pHOG19-3 comprising 
the vector backbone and the Ncol/Pvull digested PCR 
fragments 1 and 2, respectively. 

The improved expression vectors were constructed to 
include the hok/sok plasmid-free cell suicide system 
(Trusted et al, 1994) and a gene encoding the Skp/ 
OmpH periplasmic factor for higher, recombinant anti- 
body production (Bothmann & Pluckthun, 1998). The skp 
gene was amplified by PCR with primers skp-1, 5-CGA 
ATT CTT AAG ATA AGA AGG AGT TTA TTG TGA 
AAA AGT GGT TAT TAG CTG CAG G and skp-2, 5'- 
CGA ATT AAG CTT CAT TAT TTA ACC TGT TTC 
AGT ACG TCG G using as a template the plasmid 
pGAH317 (Hoick & Kleppe, 1988) kindly provided by 
Dr R. Chen (Max-Plank Institute for Biology, Tubingen, 
Germany). The resulting PCR fragment was digested 
with AflU and HmdIII and cloned into the Aflll/Hindlll 
linearized plasmid pHKK (Hom et al, 1996) (kind gift of 
Dr D. Riesenberg, NKI, Jena, Germany) generating the 
vector pSKKl. The genes coding for four domain single 
chain molecules in plasmids pDISCl-LL and pDISC2-SL 
were amplified by PCR with primers fe-1, 5'-CGA ATT 
TCT AGA TAA GAA GGA GAA ATT AAC CAT GAA 
ATA CC and fe-2, 5'-CGA ATT CTT AAG CTA TTA 
GTG ATG GTG ATG GTG ATG TGA G. The Xbal/Aflll 
digested PCR fragments were cloned into pSKK in front 
of the skp insert resulting in expression plasmids 
pDISC5-LL and pDISC6-SL containing tri-cistronic oper- 
ons (lacZ', gene encoding the four domain single chain 
molecule, skp) under the control of the lac promoter/ 
operator system. 

For expression of four-domain single chain molecules 
as periplasmic inclusion bodies, the EcoRl/Xbal frag- 
ments of plasmids pDISCl-LL and pDISC2-SL compris- 
ing antibody genes preceded by a PelB leader sequence 
were cloned into pOPESl (Kipriyanov et al, 1994) gener- 
ating the expression vectors pOPE-LL and pOPE-SL, 
respectively. The sequences of all newly constructed 
genes and plasmids were verified by restriction digests 
and dideoxy sequencing (Sanger et al, 1977). 



Protein expression and purification 

For functional expression of recombinant antibodies in 
the bacterial periplasm, the plasmids pDISC5-LL and 
pDISC6-SL were transformed into £. coli K12 strain 
RV308 (A/flc*74 £rt/ISII::OP308sfry4) (Maurer et al, 1980) 
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kindly provided by Dr A. Pluck thun (University of 
Zurich, Zurich, Switzerland). Transformed bacteria were 
grown overnight in shake flasks containing 2 x YT med- 
ium with 0.1 g/1 ampicillin and 100 mM glucose 
(2 x YT GA ) at 26 °C Dilutions (1:50) of the overnight cul- 
tures in 2 x YT GA were grown as flask cultures at 25 °C 
with shaking at 200 rpm. When cultures reached 
^eoo nm = 0-6/ bacteria either were induced by adding 
IPTG to a final concentration of 0.2 mM or were har- 
vested by centrifugation at 20 °C. The pelleted bacteria 
were resuspended in the same volume of either fresh 
2 x YT SA (2 x YT containing 0.1 g/1 ampicillin and 
0.4 M sucrose; Kipriyanov et al, 1997a) or YTBS medium 
(2 x YT containing 1 M sorbitol and 2.5 mM glycine 
betaine; Blackwell & Horgan, 1991). IPTG was added to 
a final concentration of 0.2 mM and growth was contin- 
ued at 24 °C for 14-16 hours. The bacterial cells were 
then harvested by centrifugation and periplasmic 
extracts were isolated as previously described 
(Kipriyanov et al, 1997a,b). The periplasmic fractions 
were dialyzed against start buffer (50 mM Tris-HCl, 1 M 
NaCl, pH 7.0) at 4 °C. The four-domain single chain mol- 
ecules were purified by IMAC using Ni-NTA-Superflow 
resin (Qiagen, Hilden, Germany). After washing with 
start buffer containing 20 mM imidazole (pH 7.0), the 
absorbed protein was eluted with 0.3 M imidazole in 
start buffer (pH 7.0). The elution fractions containing 
recombinant antibodies were identified by Western blot 
analysis using anti-c-myc MAb 9E10 (IC Chemikalien, 
Ismaning, Germany) performed as previously described 
(Kipriyanov et al., 1994). Positive Western blot fractions 
were pooled and subjected to buffer exchange for 
50 mM imidazole-HCl (pH 6.4) using pre-packed PD-10 
columns (Pharmacia Biotech, Freiburg, Germany). The 
turbidity of protein solution was removed by centrifu- 
gation. The final purification of four domain single chain 
molecules was achieved by ion-exchange chromatog- 
raphy on a Mono S HR5/5 column (Pharmacia) in 
50 mM imidazole-HCl (pH 6.4), with a linear 0-1 M 
NaCl gradient. The purified antibody preparations were 
concentrated and resolved by size-exclusion FPLC on a 
Superdex 200 HR10/30 column (Pharmacia) in PBSI 
(15 mM sodium phosphate, 0.15 M NaCl, 50 mM imida- 
zole, pH 7.0). Sample volumes for analytical and pre- 
parative chromatographies were 50 and 500 ul, 
respectively. The column was calibrated with high and 
low molecular mass gel filtration calibration kits (Phar- 
macia). All purification procedures were performed at 
4°C. Isolation of the anti-CD3 scFv and CD3 x CD19 
diabody was performed as described (Kipriyanov et al, 
1997b, 1998). 

Growth and induction of £. coli XLl-Blue cells (Strata- 
gene) transformed either with pOPE-LL or pOPE-SL 
plasmids as well as isolation of periplasmic inclusion 
bodies and purification of recombinant protein by IMAC 
under denaturing conditions were performed essentially 
as described (Kipriyanov et al, 1996b). After IMAC, the 
eluted protein was reduced with 0.3 M DTE for two 
hours at ambient temperature and the four-domain 
single chain molecules were refolded by step-wise dialy- 
sis in presence of oxidized glutathione as described 
(Tsurnoto et al, 1998). 

For long-time storage, antibody preparations were fro- 
zen in the presence of 2% human serum albumin 
(Immuno GmbH, Heidelberg, Germany) and stored at 
-80°C. 



Measurement of protein concentration 

The concentrations of purified scFv, diabody, sc-dia- 
body and SL-Tandab were determined from the 
values using the extinction coefficients e 1 m8/fnl = 1.84, 
1.89, 1.93 and 1.96, respectively, calculated as described 
by Gill & von Hippel (1989). 

Flow cytometry 

The human CD3+/CD19 - acute T cell leukemia line 
Jurkat and the CD19 + /CD3" B cell line JOK-1 were used 
for flow cytometry as described (Kipriyanov et al f 1998). 

Affinity determination 

The apparent affinities of the bispecific molecules 
were determined from competitive inhibition assays as 
previously described (Kipriyanov et al, 1997b, 1998). 
Briefly, increasing concentrations of purified antibody 
fragment were added to a subsaturating concentration of 
FITC-labeled MAb OKT3 (anti-CD3) or HD37 (anti- 
CD^) and were incubated with Jurkat or JOK-1 cells, 
respectively. Fluorescence intensities of stained cells 
were measured using a FACScan flow cytometer (Becton 
Dickinson, Mountain View, CA). Binding affinities were 
calculated according to the following equation (Schodin 
& Kranz, 1993): K^, = IC^/il -h [FITC-MAb]/ Kp(MAb))> 
where / is the unlabeled inhibitor (diabody, sc-diabody 
or Tandab), [FITC-MAb] is the concentration of FITC- 
labeled MAb, KcxMAt) is the binding affinity of MAb and 
/Cso is the concentration of inhibitor that yields 50% 
inhibition of binding. Affinity constant (K D ) values of 0.8 
and 0.4 nM were assigned to MAb OKT3 (Adair et al, 
1994) and HD37 (Kipriyanov et al, 1998), respectively. 

In vitro cell surface retention 

Cell surface retention assays were performed at 37 °C 
essentially as described (Adams et al,' 1998) except that 
the detection of the retained antibody fragments was 
performed using anti-c-myc MAb 9E10 (IC Chemikalien) 
followed by FITC-labeled anti-mouse IgG. Kinetic dis- 
sociation constants (k oH ) were calculated using a first 
order equation F t = Foe"*', where F t is a fluorescence at 
time t, F Q is a fluorescence at time 0 and k is k oH . The 
half-life (f 1/2 ) for dissociation of antibody fragments was 
calculated from the equation f 1/2 = lr\2//c off . 

Cell proliferation assay 

Human PBL (1 x 10**/ well) were cultured together 
with irradiated (120 rad) CD19+ Burkitt's lymphoma Raji 
cells (2.5 x 10 s /well) in 96-well plate for five days in 
LMEM (Sigma, Deisenhofen, Germany) supplemented 
with 10% human AB serum (Sigma), 25 units/ml of 
recombinant human IL-2 (Chiron Corp., Emeryville, CA) 
and varying amounts of antibody fragments, ^-thymi- 
dine (0.5 uCi/well) was added 12 hours prior to harvest- 
ing. The cells were harvested and 3 H-thymidine 
incorporation was measured with a liquid scintillation 
beta -counter (Beckman, Palo Alto, CA). 

Cytotoxicity assay 

The efficacy of the BsAbs for mediating tumor cell 
lysis by activated human PBLs was determined using 
the JAM test (Matzinger, 1991). Briefly, 2.5 x 1(F 
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activated human PBLs prepared as described 
(Kipriyanov et a/., 1998), were mixed in round-bottomed 
microtiter plates with 1 x 10 4 of Raji cells labeled with 
[ 3 H]-thymidine (effectortarget ratio = 25:1) in 100 ul 
medium plus 50 ul of antibody sample. After incubating 
the plate at 37 °C, 5% C0 2 for four hours, the cells were 
harvested and radioactivity was measured with a liquid 
scintillation beta counter. Each experiment was carried 
out in triplicate. Specific killing (%) was calculated as 
(Matzinger, 1991): (S-£)/S x 100, where E is experimen- 
tally retained labeled DNA in the presence of killers (in 
cpm) and S is retained DNA in the absence of killers 
(spontaneous). 



Analyses of antibody stability in vitro 

The antibody fragments were diluted (at least 20-fold) 
in human serum (Sigma) to a concentration of 15 ug/ml 
and sterilized by filtration through a Membrex 4CA filter 
with a void volume of 50 ul and a pore size 0.2 um 
(MembraPure, Lorzweiler, Germany). Aliquots (100 ul) 
were prepared at once under sterile conditions and 
stored at 37 °C. At given time points, the aliquots were 
frozen and kept at -80 °C Activities of the samples after 
storage were determined by flow cytometry using CD3+ 
Jurkat cells. Protein degradation in each sample was 
determined by SDS-12% PAGE followed by Western 
blot analysis using anti-c-myc MAb 9E10 as described 
(Kipriyanov et al, 1994). 



Radioiodination 

Antibody solutions (1 mg/ ml in 50 mM Tris-HCl, 1 M 
NaCl, pH 7.0) were placed in glass tubes coated with 
20 ug of IODOGen (Pierce, Rockford, IL) per mg of pro- 
tein. After adding 3 mCi of [ 125 I]iodide (Amersham 
Buchler, Braunschweig, Germany), the resulting mixture 
was incubated for ten minutes at room temperature. 
Unincorporated radioiodine was separated from the 
labeled protein by size-exclusion chromatography using 
Bio-Gel P6 (Bio-Rad, Munich, Germany) and PBSI as the 
elution buffer. The final specific activities of scFv, 
diabody, LL and SL-Tandab were 2.4, 6.6, 4.0 and 
3.8 mCi/mg, respectively. 



Pharmacokinetic studies 

Male NMRI mice each weighing approximately 40 g 
(24-27 animals for each labeled protein) were injected 
into the tail vein with 200 ul of PBSI containing 10 ug of 
human serum albumin and 5 ug of labeled antibody 
fragments. At the indicated time points, animals in tripli- 
cates were anaesthetized, bled and sacrificed in accord- 
ance with local animal protection laws. For scFv, the 
blood samples were obtained at 5, 10, 20, 40, 90, 180, 360 
and 1080 minutes after injection. The time points for the 
diabody and tandem diabodies were the same, except 
that the last animal groups were sacrificed 24 hours after 
injection of the labeled compounds. Blood samples were 
counted using a gamma counter. Blood content was cor- 
rected for protein bound radioactivity (see below) and 
expressed as a percentage of injected dose per gram of 
blood (%ID/g). AUC was calculated using GraphPad 
Prism (GraphPad Software, San Diego, CA) and 
expressed as %ID/g per minute. The f 1/2 oc was defined 
by time points 5, 10, 20 and 40 minutes, while the f 1/2 p 
was defined by time points from 1.5 to 24 hours. 



Analyses of antibody stability in vivo 

A 200 ul sample of blood from each sacrificed animal 
mixed with 10 ul of heparin (5000 units/ ml; Braun Mel- 
sungen AG, Melsungen, Germany) followed by sedimen- 
tation of cellular material and TCA precipitation of the 
supernatant. Radioactivity associated with pellets and 
supernatants was counted and expressed as a percentage 
of total radioactivity (cpm) for each specific time point. 
Pooled plasma samples from the earlier time points (up 
to 1.5 hours) were also analyzed by SDS-12% PAGE fol- 
lowed by autoradiography. 
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For the treatment of minimal residual disease in patients 
with leukemias and malignant lymphomas, we constructed a 
heterodimeric diabody specific for human CD 1 9 on & cells 
and CD3(£ chain of the T cell receptor complex. The bispecific 
diabody was expressed in Escherichia coli using a vector 
containing a dicistronic operon for co-secretion of V M 3-V L 1 9 
and V M 1 9*V L 3 singfle-chain Fv fragments (scFv). Ot was purified 
in ©roe stop by {immobilized metal affinity chromatography 
(Ofnl&C) tfrotm the periplasmiic extract and culture medium. 
Ftow cytometry experiments revealed specific interactions of 
the diabody with both CD3 and CD 1 9 positive cells, to which 
it bound with affinities close to those of the parental scFvs. fit 
was Hess stable than anti-CD3 scFv but more stable than 
anti-CD 1 9 scFv when incubated in human serum at 37°C. Dn 
cytotoxicity tests, the diabody proved to be a potent agent for 
retargeting peripheral blood lymphocytes to ftyse tumor cells 
expressing the CD 1 9 antigen. The efficiency of celt lysis 
compared favorably with that obtained with a bispecific 
antibody (I&s&b) of the same dual specificity that was pre- 
pared by the quadroma technique. Int. J. Cancer 77:763-772, 
1998. 

© 1998 Wiley-Liss, Inc. 

B cell leukemias and malignant lymphomas represent a heteroge- 
neous group of hematological malignancies occurring in blood, 
lymph nodes and bone marrow, which frequently disseminate 
throughout the body. The most common forms of non-Hodg kin's 

ymphoma (NHL) are derived from the B cell lineage. The 
incidence of NHL (6-17/100,000) continues to increase worldwide 
at about 4% a year. Although NHL can be treated with reasonable 
success at early and intermediate stages, the results of conventional 
chemotherapy and radiation in advanced stages remain disappoint- 
ing. This holds particularly true for the prevalent low-grade 
lymphomas. A fairly large number of patients relapse, and most 
remissions cannot be extended beyond minimal residual disease. In 
this case, high-dose chemotherapy combined with total body 
irradiation together with the support of an autologous bone marrow 
transplantation (BMT) or peripheral blood stem cell transplantation 
(PBSCT) offers an alternative means of curing the disease. 
However, an important issue still to be solved concerns the 
presence of residual tumor cells in the patient that give rise to a 
recurrence of the leukemia or lymphoma. 

To eradicate residual tumor cells, BsAbs have been proposed as a 
means of recruiting cytotoxic T cells for killing tumor cells (Fanger 
et aL, 1992). For example, clinical studies have shown tumor 
regression in patients treated with BsAb directed against tumor 
antigens and the CD3 component of the T cell receptor complex, 
respectively (Canevari et ai t 1995; Nitta et aL, 1990). One of the 
best targets for bispecific antibodies on malignant human B cells is 
CD 19 (Grossbard et aL, 1992). This antigen is expressed on 
virtually all B-Iineage malignancies from acute lymphoblastic 
leukemia (ALL) to NHL. Moreover, it is not shed and is absent 
from hemopoietic stem cells, plasma cells, T cells and other tissues. 
\ potential disadvantage is that normal B cells may also be killed 
oy CD3 X CD 19 BsAb treatment. However, these cells are rapidly 
replaced by differentiation from the stem cell pool. 

Various strategies have been utilized for the creation of BsAbs. 
-leteroconjugates have been produced by chemical cross-linking of 
2 monoclonal antibodies (MAb) (Anderson et aL 1992) or Fab' 
ragments (Brennan et aL, 1985). Alternatively, BsAbs were pro- 



duced using hybrid hybridoma (quadroma) technology (Bohlen et 
aL, 1993; Csoka et aL, 1996). A major limitation of this procedure 
is the production of inactive antibodies due to the random L-H and 
H-H associations. Only about 15% of the antibody produced by the 
quadroma is of the desired specificity (Milstein and Cuello. 1983). 
The correct BsAb must then be purified in a costly procedure from 
a large quantity of other very similar molecules. A further limitation 
of the quadroma BsAb from rodent cell lines is their immunogenic- 
iry. Repeated doses of rodent antibodies elicit an ami-immunoglobu- 
lin response, referred to as HAMA (human anti-murine antibody). 

Some of the limitations of MAbs as therapeutic agents have 
recendy been addressed by genetic engineering (Winter and 
Milstein, 1991) including a few methods for BsAb fragment 
production (Carter et aL. 1995). Bispecific F(ab') 2 have been 
created either by chemical coupling from Fab' fragments expressed 
in E. coli (Shalaby et aL, 1992) or by heterodimerization through 
leucine zippers (Kostelny et aL, 1992). Even smaller BsAb 
fragments have been constructed based on scFv: the association of 
V H and V L domains is stabilized by a flexible polypeptide linker 
(Bird et aL, 1988). The genetic engineering of 2 scFvs linked with a 
third polypeptide linker, as initially suggested by Huston et aL, 
(1991), has now been carried out in several laboratories for the 
production of bispecific single-chain antibody segments (scFv) : 
with a potential anti-tumor activity (Gruber et ai, 1994; Mack et 
aL, 1995). 

An alternative BsAb fragment is the scFv heterodimer diabody 
(Holliger et aL, 1993). It is formed by the non-covalent association 
of 2 single-chain fusion products consisting of the V H domain from 
one antibody connected by a short linker to the V L domain of 
another antibody (Atwell et aL, 1996; Holliger et aL. 1996; Zhu et 
aL, 1996). The 2 antigen binding domains have been shown by 
crystallographic analysis to be on opposite sides of the complex 
such that they are able to cross-link 2 cells (Perisic et aL, 1994). 

Starting with the mRNA of hybridoma cells HD37 (Pezzutto et 
aL, 1987) and OKT3 (Rung et aL, 1979). we previously con- 
structed recombinant scFv antibody fragments specific for the 
human B cell antigen CD 19 (Kipriyanov et aL, 1 996) and the CD3e 
chain of the human CD3/T cell receptor complex (Kipriyanov et 
aL, 1991b). Here, we describe the construction and production of a 
bispecific diabody in bacteria with dual specificity for both the 
human B cell antigen CD 19 and CD3/TCR. The diabody has been 
compared with parental scFvs with respect to its stability in human 
serum at 37°C and binding affinity to both CD19-positive human B 
cells and CD3-positive human T cells. In cytotoxic assays, the 
CD3 x CD 19 diabody was able to retarget human PBL to 
malignant B cells. The efficiency of cell lysis compared favorably 
with that obtained with a BsAb of the same dual specificity 
prepared by the quadroma technique. 
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MATERIAL AND METHODS 
Monoclonal antibodies 

The CD3 €-chain-specific hybridoma cell line OKT3 secreting 
an lgG2« MAb (Kung et aL 1979) was obtained from the ATCC 
(Rockville, MD). The HD37 cell line produces a MAb (IgG,) 
reactive with the human CD 19 molecule and has been described in 
detail (Pezzutto et aL 1987). Monoclonal antibodies were pro- 
duced in a miniPERM bioreactor (Heraeus, Osterode, Germany) 
and purified by affinity chromatography on a Protein- A Sepharose 
CL-4B column (Pharmacia, Uppsala, Sweden). Isolation and 
characterization of hybrid hybridoma OKT3 x HD37 has been 
described (Cs6ka et aL 1996). 

Vector construction 

The E. coli K12 strain XLl-Blue (Stratagene, La Jolla, CA) was 
used as the cloning and expression host. Plasmids pHOG-aCD19 
and pHOG-dmOKT3 encoding the scFv fragments derived from 



hybridoma HD37 specific for human CD 19 (Kipriyanov et aL. 
1996) and OKT3 specific for human CD3 (Kipriyanov et aL, 
1997i>), respectively, were used for assembly of the diabody to 
create the expression plasmid pKID3 x 19. Briefly, a PCR 
fragment of the V H domain of anti-CD 19 preceded by a Bglll site 
and followed by a segment coding for a LysLeuGlyGly linker was 
generated using the primers DPI. 5 '-TCACACA G AATTC TT 
AGATCT ATTAAAGAGGAGAAATTAACC and DP 2,5'-AGCA- 
CA CGATATC ACXrGCC AAGCTT GGGTGTTGTTTTXIKXr (Fig. 1 ). 
The PCR fragment was digested with EcoRl and EcoRV and ligated 
with the EcoRI/EcoRV linearized plasmid pHOG-dmOKT3, gener- 
ating the vector pHOG19-3. The PCR fragment of the V L domain 
of anti-CD 19 followed by a segment coding for a c-myc epitope 
and a hexahistidinyl tail was generated using the primers DP3. 
S'-AGCACAC AAGCTTC GCGG TGATATCn TXjCTCACCCAAA- 
CTCCA plus DP4, 5 ' -AGCACA CTCTAG A G ACAC A CAGATCT - 
TTAGTCATGGTGATGCTTXjAIXjIXjAGT^ The PCR frag- 
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Figure 1 - Schematic representation of operons encoding anti-CD 19 and anti-CD3 scFvs in plasmid pHOG21 (Kipriyanov et aL. 1997a) 
(a and b, respectively) and dicistronic opcron encoding the bispecific anti-human CD3 x CD 19 diabody in plasmid pKID3 X 19 (c). The positions 
of primers and most important restriction sites used for constructing the plasmids are shown. The locations of ribosome binding sites (rbs), peiB 
leader sequences (pelB), c-myc epitopes (c-myc), hexahistidinyl tags (His*) and stop codons (Stop) are indicated. Amino acid sequences of linkers 
connecting V-domains are shown below each drawing. In the linker, amino acids derived from the C H 1 domain are indicated by small letters and 
residues introduced artificially are shown in block letters. 
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ment of the V L domain of anti-CD 1 9 contained a BgM site near the 
3' end of the coding strand. It was digested with Hindlll and Xbal 
and ligated with the Hindlll/Xbal linearized plasmid pHOG- 
dmOKT3, generating the vectors pHOG3-19. The expression 
plasmid pKID3 X 19 for cosecretion of the two hybrid scFvs was 
constructed by ligation of the BgWl/Xbal restriction fragment from 
pHOG3-19 comprising the vector backbone and the BgllVXbal 
fragment from pHOG19-3. All sequences encoding hybrid scFv 
fr: -ments were verified by the dideoxynucleotide method (Sanger 
ei ///.. 1977). 

ScFv and diabody expression and purification 

Bacterial growth, induction and isolation of periplasmic extracts 
was performed as previously described (Kipriyanov et aL, 1996, 
1997a b). For isolation of anti-CD3 and anti-CD 19 scFv, the 
culture supernatant and the soluble periplasmic extract were 
combined and concentrated using Amicon YM10 membranes with 
; a 10 kDa cut-off (Amicon, Witten, Germany) followed by thorough 
^dialysis against 50 mM Tris-HCl, 1 M NaCl, pH 7.0. The diabody 
; was concentrated by ammonium sulfate precipitation (final concen- 
tration 70% of saturation) as recommended (Atweil et aL, 1996). 
The protein precipitate was collected by centrifugation (30,000$, 
4°C, 30 min) and dissolved in 1/10 of the initial volume of 50 mM 
Tris-HCl, 1 M NaCl, pH 7.0. Purification was achieved by IMAC 
as previously described (Kipriyanov et aL, 1997a). The final 
purification of scFv-aCD3 (la = 7.52) and scFv-aCD19 (la = 6. 19) 
was achieved by ion-exchange chromatography on a MonoS 
HR5/5 column (Pharmacia) in 50 mM MES, pH 6.0, or on a 
MonoQ HR5/5 column (Pharmacia) in 20 mM Tris-HCl, pH 8.0, 
respectively, with a linear 0-1 M NaCl gradient. The purified 
antibody preparations were dialyzed against PBS (15 mM Na- 
phosphate, 0. 15 M NaCl, pH 7.0). All purification procedures were 
performed at 4°C For long-time storage, diabody and scFv were 
frozen in the presence of BSA (final concentration 10 mg/ml) or 
:10% FCS and stored at -80°C 

Measurement of protein concentration 

Protein concentrations were determined by the Bradford (1976) 
dye-binding assay, using the Bio-Rad (Munich, Germany) protein 
[assay kit. The concentrations of purified diabody, scFv-aCD3 and 
iccFv-otCD19 were determined from the A280 values using the 
extinction coefficients c 1 " 1 ^ = 1.89, 1.84 and 1.82, respectively, 
Calculated according to Gill and von Hippel (1989). 

EiGEand size-exclusion chromatography 
■PAGE was performed according to Laemmli (1970) under 
g conditions. Western blot analyses using either rabbit 
grum A (Breitling et aL, 1991) recognizing the N-terminus of the 
processed antibody fragment (without a pelB leader) or mouse 
^Ab 9E10 (IC Chemikalien, Ismaning, Germany) specific for a 
pptide of the c-myc oncoprotein were performed as previously 
inscribed (Kipriyanov et aL, 1994). Analytical gel filtration of the 
jabody and scFv preparations was performed in PBS using a 
^erdex 75 HR 10/30 column (Pharmacia). Sample volume and 
&w rate were 200 ul and 0.5 ml/min f respectively. The column was 
gffibrated with a low molecular weight gel filtration calibration kit 
JPnarmacia). 

cytometry 

| The human CD3+/CDI9" acute T cell leukemia line Jurkat and 
|te CD19VCD3" B cell line JOK-1 were used for flow cytometry, 
caformed as previously described (Kipriyanov et aL, 1996). In 
get 5 X 10 5 cells in 50 pi RPMI 1640 medium (GIBCO BRL, 
Sjgestein, Germany) supplemented with 10% FCS and 0.1% 
$wum azide (referred to as complete medium) were incubated 
I&Va 0 ^ of a recombinant antibody preparation for 45 min on 
j»After washing with complete medium, the cells were incubated 
m 100 uJ of 10 ug/ml ami c-myc MAb 9E10 (IC Chemikalien) in 
same buffer for 45 min on ice. After a second washing cycle, the 
were incubated with 100 pi of FTTC-labeled goat anti-mouse 
<2G (GIBCO BRL) under the same conditions as before. The cells 



were then washed again and resuspended in 100 pi of I ug/ml 
solution of propidium iodide (Sigma, Deisenhofen, Germany) in 
complete medium to exclude dead cells. The relative fluorescence 
of stained cells was measured using a FACScan flow cytometer 
(Becton Dickinson, Mountain View, CA). 

Affinity determination 

Affinities of MAb HD37 (Pezzutto et aL. 1987) and scFv- 
aCD 19 (Kipriyanov et aL, 1996) were determined by cellular RIA 
Antibody (100 ug) was labeled with 1 mCi [ ,:5 1]- iodide by the 
chloramine T method (Greenwood et aL, 1963), RIA was per- 
formed in a flexible polyvinyl chloride microliter plate blocked 
with PBS containing 0.2% (w/v) gelatin at 4°C overnight. After 
washing, 1 0 6 JOK-1 cells in 50 pi PBS containing 0.2% gelatin and 
5% (v/v) pooled human IgG (Venimmun Behringwerke, Marburg, 
Germany) were incubated in triplicate with increasing amounts of 
the radiolabeled antibody preparation for 1 hr at room temperature. 
The plate was washed and aspirated 3 times using PBS/0.2% 
gelatin. The dried plate was sliced, and the radioactivity in 
individual wells was measured using a gamma-counter. Affinity 
constants were determined by a Scatchard (1949) plot analysis. 

Apparent affinities of diabody and scFv were determined from 
competitive inhibition assays as previously described (Kipriyanov 
et aL, \991b). In brief, increasing concentrations of purified 
antibody fragment were added to a subsaturating concentration of 
FITC-labeled MAb OKT3 or HD37 and incubated with Jurkat or 
JOK-1 cells, respectively, as described above for FACScan analy- 
sis. Fluorescence intensities of stained cells were measured as 
described above. Binding affinities were calculated according to 
the following equation derived from that of Schodin and Kranz 
(1993): 

K m = (1 + [FTTC-MAb] X K^ m )/\C^ 

where I is the unlabeled inhibitor (diabody or scFv), [FTTC-MAb] 
is the concentration of FTTC-labeled MAb, K a(MAb) is the binding 
affinity of MAb and IC50 is the concentration of inhibitor that yields 
50% inhibition of binding. Affinity constant values of 1.2 X 10 9 
M" 1 and 2.5 X 10 9 M" 1 were taken for MAb OKT3 (Adair et aL, 
1994) and HD37 (determined by RIA), respectively. 

Analyses of diabody and scFv stability 

The antibody fragments were stored in freshly prepared human 
serum from a healthy donor at 37°C at a concentration 20 ug/ml. At 
given time points, 250 pi aliquots were taken under sterile 
conditions, frozen and kept at -80°C. Activities of samples after 
storage were determined by flow cytometry. 

Preparation and stimulation of effector cells 

Human PBMCs were isolated from the buffy coat of healthy 
donors by Ficoll/Hypaque (Pharmacia) density gradient centrifuga- 
tion. The PBMC interphase was washed twice in PBS and used 
immediately as effector cells. Cultures of PBMC were grown using 
RPMI 1640 (GIBCO BRL) supplemented with 2% heat inactivated 
FCS (GIBCO BRL), 2 mM glutamine, 1 mM pyruvate and 0.05 
mM 2-ME. To obtain CTLs, PBMCs were cultured at a concentra- 
tion of 2 X 10 6 ml in medium containing anti-CD3 MAb OKT3 
(5 pg/ml) and recombinant human IL-2 (20 U/ml) (EuroCetus, 
Amsterdam, The Netherlands). After 4 days, the cells were washed 
twice to remove remaining antibody and cultured overnight in 
medium alone. The cytotoxicity assay was performed on day 5. 

Cytotoxicity assay 

The CD19-expressing Burkitfs lymphoma cell lines Raji and 
Namalwa were used as target cells. Cells were cultured in RPMI 
1640 (GIBCO BRL) supplemented with 10% heat inactivated FCS 
(GIBCO BRL), 2 mM glutamine and 1 mM pyruvate at 37°C in a 
humidified atmosphere containing 7.5% C0 2 . The cytotoxic T cell 
assays were carried out in RPMI 1640 medium supplemented with 
10% FCS, 10 mM HEPES, 2 mM glutamine, 1 mM pyruvate and 
0.05 mM 2-ME. Cytotoxic activity was assessed using a standard 
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[ 5, Cr]-release assay; 2 X 10 6 target cells were labeled with 200 uCi 
Na[ 51 Cr]0 4 (Amersham-Buchler, Braunschweig, Germany) fol- 
lowed by 4 washing cycles and resuspended in medium at a 
concentration 2 X lOVml. Effector cells were adjusted to a 
concentration of 5 x 10 6 ml. Increasing amounts of CTLs in 100 ul 
were titrated to 10 4 target cells/well in 50 ul. Antibodies (50 ul) 
were added to each well. The whole assay was set up in triplicate 
and incubated for 4 hr at 37°C. Supernatant (100 ul) was harvested 
and assayed for [ 5l Cr] release in a gamma-counter (Cobra Auto 
Gamma; Canberra Packard, Dreieich, Germany). Maximum re- 
lease was determined by incubating the target cells in 10% SDS, 
and spontaneous release was determined by incubating the cells in 
medium alone. Specific lysis (%) was calculated as: (experimental 
release - spontaneous release )/(maximal release - spontaneous re- 
lease) X 100. 



RESULTS 
Diabody design and construction 

Single-chain Fv fragments derived from the hybridomas HD37 
(Pezzutto et aL, 1987) and OKT3 (Kung et aL, 1979) were used for 
creating a bispecific CD3 X CD 19 diabody. A significant increase 
in the stability of the OKT3 anti-CD3 scFv was achieved by 
substituting a serine for cysteine in position 100A of the V H domain 
(Kipriyanov et aL, 1 997b). The C-terminus of a V H domain was 
connected to the N-terminus of a V L domain of another specificity 
using a short rigid linker to restrict intra-chain pairing of V H and 
V L . The linker design was based on our strategy of cloning 
antibody V H domains using an anti-sense primer complementary to 
the 5'-region of the y chain C H 1 domain gene (Kipriyanov et aL, 
1996, 1997b). Seven amino acids introduced by this primer formed 
a major part of the linker (Fig. 1). The plasmid pKID3 X 19 was 
constructed to express the CD3 X CD 19 diabody by co-secretion of 
the 2 hybrid scFvs V H 3-V L 19 and V H 19-V L 3 from a dicistronic 
operon (Fig. 1). The operon is under the transcriptional control of 
the wt lac promoter/operator, which is inducible with 1PTG. Each 
hybrid scFv is preceded by a pelB leader sequence to direct 
secretion to the periplasmic space of E. colL Both hybrid scFv 
genes are followed by nucleotide sequences coding for a c-myc tag 
for immunodetection and a hexahistidinyl tail for purification of 
recombinant product using IMAC (Fig. 1). 

Diabody expression and purification 

The CD3 X CD 19 diabody was secreted from £. coli cells 
transformed with the pKID3 X 19 plasmid. Relatively equal 
amounts of soluble hybrid scFv V H 3-V L 19 and V H 19-V L 3 were 
detected in crude periplasmic extracts by Western blot analysis 
using either MAb 9E10 specific to the C-terminal c-myc epitope or 
by serum A specific for the N-terminus of processed (without pelB 
leader) antibody fragment (data not shown). FACScan analyses of 
crude periplasmic extracts demonstrated that the diabody produced 
by bacteria specifically interacted with both CD3-positive Jurkat 
cells and CD19-positive JOK-i cells. In contrast, neither hybrid 
scFv alone bound these cell lines (data not shown). 

To obtain higher yields of soluble antibody fragments, we added 
0.4 M sucrose to bacterial cells that had been induced with IPTG. 
We have shown that under these conditions the yield of soluble 
scFv can be increased up to 150-fold (Kipriyanov et aL, 1997a). 
The diabody was found to accumulate in the £. coli periplasm and 
was also released into the culture medium (data not shown). After 
concentrating by ammonium sulfate precipitation and purification 
by IMAC, yields of 2.0-2.5 mg/1 with a purity greater than 95% 
were achieved (Fig. 2a). In contrast, ammonium sulfate was shown 
to be rather ineffective for precipitating monospecific anti-CD 19 
and anti-CD3 single chain Fv fragments that were isolated in 
parallel. Much higher yields of the purified scFv antibody frag- 
ments were obtained by concentrating by ultrafiltration prior to 
IMAC (data not shown). 



Analyses of diabody and scFv by SDS- PAGE 
and size-exclusion FPLC 

Purified antibody fragments were analyzed by electrophoresis on 
12% SDS polyacrylamide gels. Under these conditions, the di- 
abody was resolved into 2 protein bands corresponding to the 
calculated M r of 28,900 for scFv V H 19-V L 3 and 29,300 for scFvs 
V„3-V L 19 (Fig. 2a). Anti-CD3 and anti-CD 19 scFvs appeared as 
single bands (calculated M r are 29,800 and 30,400, respectively). 

An analysis of antibody fragments by gel- filtration on a Super- 
dex 75 column is shown in Figure 2b. The scFv-otCD3 consisted 
only of monomers, the scFv-aCD19 of monomers, dimers and a 
multimeric form and the bispecific diabody only of dimers. The 
apparent m.w. of the diabody deduced from its chromatographic 
mobility was lower than its actual m.w., reflecting its compact 
structure (Perisic etaL y 1994). 

Antigen binding specificity and affinity of diabody and scFv 

Flow cytometry experiments demonstrated a specific interaction 
of the diabody with both human CD19-positive JOK-1 and 
CD3-positive Jurkat cells. The fluorescence intensities were fairly 
comparable to those obtained using the parental monospecific 
scFvs at similar concentrations (Fig. 3). 

The CD 19 and CD3 binding affinities of the diabody were 
estimated by competitive binding to human JOK-1 and Jurkat cells 
in the presence of either FITC-labeled MAb HD37 (anti-CD19) or 
OKT3 (anti-CD3). The IC50 value of diabody competing with 
FTTC-OKT3 for binding T-cells was similar to that of scFv-aCD3 
(Fig. 4b; Table I). In contrast, scFv anti-CD19 competed with 
FITC-HD37 more effectively than the bispecific diabody (Fig. 4a). 
probably because a significant amount of this scFv fragment was in 
a dimeric and multimeric form (Fig. 2b). Direct affinity measure- 
ments of radio-iodinated anti-CD 19 MAb HD37 and scFv demon- 
strated that both have very similar affinity constants in the 
sub-nanomolar range (Table I), reflecting the bivalent nature of the 
scFv anti-CD 19. 

Table I summarizes the results of affinity measurements. The 
similarity in affinities of the bispecific diabody with the parental 
scFvs suggests that all the non-covalent heterodimers (diabody) are 
correctly formed by specific V H -V L interactions. The affinity of the 
diabody for CD19-positive target B cells was 10-fold higher than 
its affinity for CD3 positive effector T cells. 

Stability of bispecific diabody in human serum 

One might expect that the bispecific diabody would be rather 
labile, as it was formed by non-covalent interactions of 2 hybrid 
scFv molecules. We therefore investigated the stability of the 
diabody and both parental anti-CD3 and anti-CD 19 scFvs when 
stored at a fairly low concentration in human serum at 37°C for 
prolonged periods of time. A concentration of 20 ug/ml was chosen 
to avoid the fluorescence plateau in FACSscan analysis (Kipriya- 
nov et aL, \991b). The residual antigen binding activity was 
estimated by flow cytometry. We found that the anti-CD3 scFv, 
which retained 70% of activity after 5 days of incubation, appeared 
to be significantly more stable than anti-CD 19 scFv, which lost 
50% of its activity after 36 hr of incubation and 95% after 4 days 
(Fig. 5). The diabody had an intermediate stability. It was less 
stable than the anti-CD3 scFv but slightly more stable than the 
anti-CD19 scFv (Fig. 5). The loss of both CD3 and CD19 binding 
had similar time kinetics, indicating an interdependent denaturation 
of the 2 binding domains. 

Induction of specific cytotoxicity by diabody 

The ability of the bispecific diabody to induce tumor cell lysis by 
redirecting T cell-mediated cytotoxicity was investigated using 
PBMC from healthy donors as effector cells. After stimulating with 
soluble MAb OKT3 and IL-2 for 4 days, the cells were washed to 
remove remaining antibody and cultured in medium alone over- 
night. Human B cell lines Raji and Namalwa expressing CD 19 
were used as target cells. The effect of the bispecific diabody was 
measured using a standard [ 5l Cr]-release assay with increasing 
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Figure 2 - Analyses of purified scFv anti-CD3, scFv anti-CD 19 and bispecific diabody. (a) 12% SDS-PAGE under reducing conditions. The 
gel was stained with Coomassie brilliant blue, (b) Analytical gel filtration on a Superdex 75 column. The elution buffer was PBS, pH 7.0. Sample 
volume and flow rate were 200 pi and 0.5 ml/min, respectively. Molecular masses were calibrated with BSA (67 kDa), ovalbumin (43 kDa) 
chymotrypsinogen A (25 kDa) and ribonuclease A ( 1 3.7 kDa). 



effector to target cell ratios. A mixture of both parental scFv 
fragments (anti-CD3 and anti-CD 19) served as a negative control 
for determining the background lysis. Although the observed 
background lysis was different in different experiments, the 
diabody appeared to be quite potent in retargeting activated PBMC 
to lyse both target cell lines in a concentration-dependent manner 
(Fig. 6). 

? The CD3 X CD19 diabody was compared with a BsAb of the 
■ame specificity isolated from a hybrid-hybridoma OKT3 X HD37 
j(Cs6ka et aL, 1996). Bispecific diabody proved to be 10-fold more 
potent over the BsAb on a weight basis (3-fold on a molar basis) 
(Fig. 6a), Moreover, the increased cytotoxicity of the diabody was 
independent of the effector: target ratio (Fig. 6). 

DISCUSSION 

fThe 95 kDa CD19 antigen represents the broadest lineage- 
•pecific marker expressed on human B cells: it is present on the 
tarface of virtually all B lymphocytes, including early B progenitor 
Jells. CD19 is lost during the terminal stages of B cell differentia- 
*on but is exposed on the vast majority of B cell tumors (Uckun 
tod Ledbetter, 1988). We therefore chose this antigen as the target 

golecule for BsAb-mediated cytotoxicity and constructed an 

pti-human CD 19 scFv (Kipriyanov et aL, 1996). 

Although different BsAb cross-linking NK cells (De Palazzo et 

■tt 1992) or activated neutrophils (Michon et aL, 1995) to tumor 

fcUs have been described, the most effective approach for tumor 



rejection appears to be targeting via the CD3 molecule on cytotoxic 
T cells. The feasibility and effectiveness of this immunotherapeutic 
concept has been studied extensively in pre-clinical models, as well 
as in phase I clinical trials (Bolhuis et aL, 1996). 

For the generation of a bispecific antibody suitable for therapy of 
human B cell malignancies, we aimed to construct a small 
recombinant molecule with dual specificity for both the human B 
cell surface antigen CD 19 and the signal-transducing CD3e chain 
of the human TCR/CD3 complex. Although numerous anti-human 
CD3 MAbs have been used to study the T cell activation 
(Schwinzer et aL, 1992) and to create BsAb either by chemical 
conjugation (Anderson et aL, 1992; Nitta et aL, 1990) or by the 
quadroma technique (Bohlen et aL, 1 993; Jacobs et aL, 1 997), only 
2 different anti-human CD3 antibody fragments have been used to 
date for the creation of recombinant BsAb. Variable domains 
derived from the hybridoma TR66 were used for constructing 
CD4-FvCD3 bispecific single chain molecules Janusins (Trau- 
necker et aL, 1991 ) and later for the creation of (scFv) 2 specific for 
both the epithelial 17- 1 A antigen and human CD3 (Mack et aL, 
1995). In the second case, humanized V domains originally derived 
from the murine hybridoma UCHT1 were used for constructing 
anu-CD3/anti-pl85 HER2 F(ab') 2 (Shalab.y et aL, 1992) and a 
diabody (Zhu et aL. 1996). For constructing the BsAb described 
here, we used an scFv gene derived from the well-known hybrid- 
oma OKT3, which had been modified to improve its stability and 
folding in bacteria (Kipriyanov et aL, 1991 b). 
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Figure 3 - Flow cytometric analysis of scFv and diabody binding to CD19VCD3" JOK-1 cells and CD3 + /CD19" Jurkat cells. As a negative 
control, the binding of an irrelevant scFv was used. 
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FIGURE 4- Analyses of apparent affinities by flow cytometry. Inhibition of binding of FTTC-labeled MAbs HD37 to JOK-1 cells (a) and 
inhibition of binding of FTTC-labeled MAbs OKT3 to Jurkat cells (fc) in the presence of MAb OKT3. scFv-aCD19. scFv-aCD3 and bispctilic 
diabody are shown. 



TABLE I - AFFINITIES OF MAb AND ANTIBODY FRAGMENTS 



Antibody 


IC»(ruM) 


*.<M-')' 


X", (M ~ 1 


JOK-1 cells 








MAb HD37 


n.d. 3 


n.d. 


2.5 X 10* 


scFv-aCD19 


24.0 


9.7 x 10» 


2.9 X 10* 


Diabody 


48.8 


4.8 X 10 8 


n.d. 


Jurkat cells 








MAb OKT3 


1.3 


7.7 X 10 8 


n.d. 


scFv-aCD3 


222.2 


4.5 X 10 7 


n.d. 


Diabody 


156.0 


6.4 X 10 7 


n.d. 



'Affinities determined from inhibition experiments.- 2 Affinities deter- 
mined from Scatchard plots - 3 Not determined. 



Initial attempts to produce bispecific CD3 X CD 19 (scFv) 2 
molecules, as recommended by Gruber et al. (1994), were unsatis- 
factory because of the small yields and low anti-CD3 activity (data 
not shown). We therefore constructed a more rigid cross-over scFv 
dimer (diabody). This construct has been shown to have 2 
antigen-binding sites at opposite ends of the molecule, separated 
by 65 A, which is sufficient to span the distance between 2 cells 
(Holliger et al t 1996; Perisic et al f 1994). The CD3 X CD 19 
diabody was produced by bacteria in a soluble functional form and 
could be retrieved from periplasmic extracts and culture medium in 
one step with a yield comparable to those obtained for parental 
scFv fragments. 

Structurally, the isolated diabody was a stable compact dimer 
with an apparent m.w. around 50 kDa. Theoretically, the co- 
secretion of two hybrid scFv fragments may give rise to 2 types of 
'iimen active heterodimers and likely inactive homodimers. Affin- 
ity measurements indicated that the diabody was mostly, if not 



completely, in the active heterodimeric form. It bound to human 
CD3 with an affinity indistinguishable from that of the parental 
scFv-aCD3 and to human CD 19 with an affinity about one hair that 
of scFv-aCD19. This latter scFv has been shown to have a very 
high affinity in the subnanomolar range, similar to that of the 
parental MAb. Size-exclusion chromatography demonstrated that a 
significant part of this scFv was present in the form of non-covalent 
dimers and even higher oligomers, probably resulting in an 
enhanced affinity due to the increased avidity. In contrast, the CD 1 9 
binding domain of the diabody is only monomelic. 

The higher affinity of the anti-CD 19 moiety resulted in an almost 
10-fold stronger binding of the diabody to the surface of target B 
cells than to the surface of T cells. Strong binding to a target tumor 
cell and weaker binding to an effector cell may have certain 
advantages for cancer therapy. For example, experiments in vitro 
demonstrated that the cytotoxic potential of recombinant BsAb 
does not depend on the affinity of its CD3-binding domain (Zhu 
and Carter, 1995). Furthermore, in a model of TCR serial triggering 
(Valitutti etaL 1995), a high off-rate of the TCR is essential since it 
allows a single peptide-MHC complex to engage many TCRs in 
successive rounds of ligation, triggering and dissociation. There- 
fore, a higher affinity could result in less stimulation because the 
lower off-rate may prevent TCR reusage. A similar situation may 
also be present in the case of the surrogate antigenic stimulation of 
T cells through the anti-CD3 part of BsAb. For example, i.v. 
administration of a F(ab') 2 of OC/TR BsAb, which has a relatively 
high affinity for human CD3c (10 8 M" 1 ) (Jacobs et al., 1997), 
induced a generalized in vivo activation with severe side effects 
(Tibben et al., 1993), which most probably originated from target 
cell-independent direct activation of T cells and subsequent release 
of cytokines. Therefore, a recombinant BsAb that binds strongly to 
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jre 5 — Stability of scFv fragments and diabody in human scrum at 37°C. The antibody fragments were incubated at 20 jug/ml in human 
at 37°C for the times shown. The CD19 and CD3 binding activity was assessed by flow cytometry using CD19 + /CD3 JOK-l and 



CD3 + /CD19" Jurkat cells. Activity of the samples at point zero was taken as 100%. 
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Figure 6 - Diabody-mediated lysis of CD19-positive B cells by activated human PBMC. The human CD19 expressing ["CrJ-labeled target 
cell lines Raji (a) and Namalwa (b) were co-incubated with effector CTLs at different effector/target ratios for 4 hr. Percent cytotoxicity was 
calculated based on [ 5, Cr]-release in the presence of 2.5 ug/ml of parental scFvs, 0.25 ug/ml of diabody. 2.5 ug/ml of diabody or 2.5 ug/ml of BsAD 
OKT3 X HD37. 
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target tumor cells and significantly more weakly to the signal- 
transducing CD3c chain of the TCR/CD3 complex on effector cells 
may prove to have the most desirable properties. 

An analysis of the stability of antibody fragments in human 
serum demonstrated a significant difference between scFv-aCD19 
and scFv-aCD3. The present data confirm our previous observation 
that scFv derived from the hybridoma OKT3 and containing a 
Cys/Ser substitution in CDR-H3 has an enhanced stability (Kipriya- 
nov et aL 19976). A comparison of the stabilities of the diabody 
and the parental scFvs, performed here suggests a stabilizing effect 
of the anti-CD3 moiety of the diabody on the CD19-specific moiety 
and also an interdependent denaturation of the 2 binding domains. 

The bispecific diabody was able to induce an efficient lysis of the 
target cells by human CTLs. A comparison with a hybrid- 
hybridoma BsAb of the same dual specificity (Cs6ka et aL 1996) 
indicated that the diabody was even more potent in recruiting 
activated T cells for cytolysis of the target cells. The increased 



efficiency of the smaller diabody may be due to the closer 
proximity of the target cell and T cells connected by the diabodv 
(Holligere/a/., 1996; Perisic et aL 1994). 

The prohibitive cost of preparing bispecific antibodies with the 
quadroma technology has made it difficult to start clinical trials. 
Recombinant antibodies, on the other hand, can be produced 
cheaply in large quantities using high cell density fermentation of 
bacterial cultures (Horn et aL 1996; Zhu et al, 1996). Further- 
more, these smaller antibodies are less immunogenic due to the 
absence of constant domains. Consequently, we are now concentrat- 
ing on the production of larger quantities of the diabody for testing 
in phase 1 clinical trials. 
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To develop an effective antitumor immunotherapy for B- 
lineage non-Hodgkin's lymphoma, we constructed a tetrava- 
lent tandem diabody (tanDb) specific for both human CD 1 9 
(B-cell marker) and CD3 (T-cell antigen). Here, we report 
the effective killing of malignant primary B cells from pa- 
tients with B-cell chronic lymphocytic leukemia (B-CLL) by 
autologous T cells induced by tanDb at very low E:T ratios. 
Mononuclear cells from patients with B-CLL were cultured 
with bispecific antibody fragments in either the presence or 
absence of monospecific anti-CD28 antibody. Use of tetrava- 
lent tanDbs caused almost quantitative elimination of malig- 
nant B cells from the blood samples of 1 9 patients and some 
cytotoxic activity in 3 of 23 analyzed cases. In contrast, the 
structurally similar but bivalent diabody and single-chain dia- 
body demonstrated nearly no antitumor activity in an autol- 
ogous system. tanDb-induced activation and proliferation of 
T cells occurred only in the presence of CDI9 + target cells. 
Expression of the B7-I (CD80) and B7-2 (CD86) molecules on 
the surface of leukemia cells made unnecessary the addi- 
tional CD28-costimulation of T cells. When only a few tanDb 
molecules were present, the effect of CD28 costimulation on 
T-cell activation was more pronounced. Depending on the 
patient sample, we observed a 1 0- to 1 ,000-fold decrease of 
the half-maximal concentrations of tanDb for cell lysis. Upon 
CD28 crosslinking by agonistic MAb, specific tumor cell lysis 
was found at tanDb concentrations as low as 0.5 pM. These 
data demonstrate that the tetravalent CDI9xCD3 tanDb 
might be a promising tool for the immunotherapy of human 
B-cell leukemias and lymphomas. 
© 2004 Wiley-Liss, Inc. 

Key words: tandem diabody; immunotherapy; CD J 9; CD3; B-cell 
chronic lymphocytic leukemia 

CLL is the most common leukemia of adults in Western coun- 
tries. It is a systemic hematologic malignancy that originates from 
B cells (B-CLL) in 95% of patients, while only a minority of cases 
are derived through malignant transformation of T cells (T- 
CLL). Although B-CLL is classified as NHL, several issues 
make this leukemia a unique entity among malignant lympho- 
mas. B-CLL is an accumulative disease of slowly proliferating 
CD5^ B lymphocytes that develops in the aging population. 
Whereas some patients with B-CLL have an indolent course and 
die after many years from unrelated causes, others progress 
very rapidly and succumb within a few years from this currently 
incurable leukemia. 1 

The latest chemotherapeutic approaches for treatment of B-CLL 
include DNA-damaging agents (chlorambucil) in combination 
with purine analogues (fludarabine, pentostatin and cladribine) and 
corticosteroids (prednisone)^ Although significant improvement 
in remission rates and survival have been achieved, chemotherapy 
is quite often associated with myelosuppression and opportunistic 
infections. 2 Immunotherapy using MAbs directed against surface 
antigens, on CLL cells might be an attractive alternative to con- 
ventional chemotherapy because of lack of significant myelotox- 
icity. Alemtuzumab (Campath-IH). a humanized MAb specific for 
CD52 on both B and T cells, was the hrst antibody approved for 



CLL on the basis of responses in one-third of patients with ad- 
vanced disease. 3 However, prolonged immunosuppression due to 
T-cell depletion is a serious side effect of alemtuzumab, leading to 
severe infectious complications. 4 - 5 Another approved antibody 
drug, the chimeric murine/human anti-CD20 MAb rituximab 
(IDEC-C2B8), has proven efficacy and tolerability in NHL, 
achieving response rates of 73% and 48% in previously untreated 
and relapsed/refractory indolent low-grade NHL, respectively. 
However, the amount of CD20 molecules expressed in B-CLL is 
lower than in other NHLs. Moreover, significant levels of circu- 
lating CD20, which can be detected in the plasma of B-CLL 
patients, interfere with the binding of rituximab to malignant 
cells. 6 These factors result in limited activity of rituximab as a 
single agent in B-CLL patients relapsed or refractory after prior 
chemotherapy. 7 

One of the alternative immunotherapeutic strategies is based on 
activation of host immune mechanisms using bispecific antibod- 
ies. 8 - 9 The bispecific antibody makes a bridge between the tumor 
cell and the immune effector cell, triggering cytotoxic responses. 
For B-CLL, the B-cell marker CD19 is one of the best targets since 
it is profusely expressed on leukemic cells and is not shed or 
internalized by B-CLL cells. 10 One of the best-studied cytotoxic 
triggering receptors is a multichain TCR/CD3 signaling complex 
on T cells. 8 To date, different forms of the CD19XCD3 bispecific 
antibody have been generated and used in a number of in vitro and 
in vivo therapeutic studies. 1 1-18 These bispecific antibodies have 
been produced using either rodent hybrid hybridomas. 12 14 
chemical crosslinking of 2 MAbs" or recombinant antibody 



Abbreviations: ADCC, antibody -dependent cellular cytotoxicity: BrdU, 
bromodeoxyuridine; BsDb, bispecific diabody. CD. cluster of differentia- 
tion; CLL. chronic lymphocytic leukemia; CTLA-4. cytotoxic T lympho- 
cyte-associated antigen 4; EC 50 , half-maximal effective concentration: HS. 
human serum: MAb, monoclonal antibody: NHL. non-Hodgkin's lym- 
phoma; PBL. peripheral blood lymphocyte: PBMC. peripheral blood 
mononuclear cell; scBsDb, single-chain BsDb; scFv. single-chain variable 
fragment of antibody; tanDb, tandem diabody; TCR. T-cell receptor; TNF, 
tumor necrosis factor; TRAIL. TNF-a-related anopiosis-inducing ligand; 
V H , variable domain of the heavy chain of an antibody: V L . variable 
domain of the light chain of an antibody: WBC. white blood count. 
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TABLE I-CD19XCD3 TanDb-MEDIATED DEPLETION OF CDI9* LEUKEMIA CELLS AND T-CELL PROLIFERATION 
IN PBMC CULTURES FROM CLL PATIENTS 



Binct T _ ce „ Without antibody T anDb (5 tig7ml) TanDb ( 1 tig/ml) TanDb + MAb 15ES 



B-CLL Age (years)/ stage/ Days of , %B To(a| ^ ? 

pattern gender therapy .ulnire , w *^ ^lai ^ ^ ^ ^ ^ ^ 



001 57/M A/0 7 n.d. 9.5 89.2 n.d. 98.8 0.5 n.d. n.d. n.d. n.d. n.d. n.d. n.d. 

002 65/M B/2(2) 7 2.4 8.2 91.8 1.9 98.0 0.8 1.5 14.3 85.6 2.6 99.4 0.5 3.2 

003 73/M B/0 7 21.1 5.3 94.5 3.2 98.6 0.9 3.2 96.5 3.4 3.7 99.8 0.1 2.2 

004 61/M A/1 7 37.8 8.4 91.6 1.4 99.4 0.6 2.8 99.3 0.6 4.5 n.d. n.d. n.d. 

004 61/M A/1 7(HS) 29.1 8.3 91.5 1.1 99.2 0.6 2.0 99.6 0.3 2.7 n.d. n.d. n.d. 

005 51/M B/0 6 31.9 3.6 96.6 4.5 99.0 0.1 4.7 94.7 0.6 5.4 n.d. n.d. n.d. 
005 51/M B/0 6(HS) 53.8 5.7 94.2 2.1 99.7 0.3 4.9 96.2 0.6 6.7 99.8 0.1 3.4 
006 7 62/F A/0 7 38.8 5.8 94.2 2.4 99.5 0.5 5.4 98.2 1.7 5.4 99.7 0.3 2.5 
006 7 63/F A/0 6 26.6 6.2 93.8 2.9 99.7 0.3 3.0 99-4 0.5 4.8 n.d. n.d. n.d. 

007 67/M 

008 61/M 
009 

010 58/F 



A/0 6 15 7 19.8 80.2 1.1 94.6 6.0 3.6 84.5 15.4 4.1 99.4 0.2 2.4 

A/7(6) 7 64.4 1.7 98.0 3.9 98.3 1.1 2.7 95.5 1.7 4.5 98.9 0.4 3.0 
75/M B/4 3) 6 9.6 5.9 94.8 3.4 97.5 1.7 3.1 56.1 43.6 3.4 66.9 33.0 1.8 



B/0 5 n.d. 42.6 56.6 1.8 99.2 0.3 3.9 n.d. n.d. n.d. 99.8 0.1 4.2 

0 1 59/F B/0 5 6.8 26.9 73.2 2.3 99.7 0.2 4.4 99.5 0.4 4.2 99.4 0.6 3.8 

012 63/M A/1 6 n.d. 2.9 97.1 3.3 2.8 97.2 5.9 n.d. n.d. n.d. 16.3 84.1 6.7 

OH 58/M C/4(4) 5 n.d. 3.4 96.5 4.5 2.8 97.1 4.8 n.d. n.d. n.d. n.d. n.d. n.d. 

0 4 60/F B/0 6 4.1 17.4 80.9 1.9 28.9 70.8 4.4 36.9 55.7 3.6 n.d. n.d. n.d. 

0 5 63/M B/0 6 9.1 40.0 59.9 0.9 99.8 0.1 2.3 93.0 0.9 3.5 n.d. n.d. n.d. 

0 6 78/F A/0 6 50.9 4.1 95.9 1.9 98.6 1.3 2.4 96.4 3.5 4.1 n.d. n.d. n.d. 

0 7 60/M A/0 7 1.6 7.7 92.2 2.3 10.7 89.2 3.3 10.4 88.3 2.7 n.d. n.d. n.d. 

0 8 67/F A/0 6 11.5 6.9 92.2 2.6 32.1 65.6 5.2 59.8 40.1 3.5 n^d. n d. n d 

0 9 7 7 /M A/0 5 2.9 17.0 82.9 1.5 n.d. n.d. n.d. 41.4 49.3 2.1 79.5 19.4 3.5 

019 7 72/M A/0 6 5.5 18.2 79.4 1.6 64.7 35.0 2.3 68.2 27.3 2.3 94.3 2.5 2.6 

020 61/F A/0 7 13.7 20.9 74.4 0.7 n.d. n.d. n.d. 83.5 16.4 2.4 n.d. n.d. n.d. 

021 59/M A/0 6 11.7 9.5 90.4 2.8 58.6 41.3 5.4 43.4 56.5 5.5 26.9 71.0 4.8 
02 59/M A/0 6(HS) 5.5 19.4 80.5 3.3 98.4 0.3 4.3 98.2 1.7 4.1 95.3 4.2 3.9 

022 74/M AJ0 7 3.1 3.1 68.5 3.9 n.d. n.d. n.d. 9.1 69.0 4.1 85.9 13.9 4.3 

022 74/M A/0 7 (HS) 1.7 3.3 61.7 5.1 n.d. n.d. n.d. 5.0 93.5 5.8 91.8 ^0.2 5.3 

023 73/M 



A/1 7 5,6 1.7 97.7 3.9 n.d. n.d. n.d. 10.6 88.2 3.5 83.1 20.1 3.4 



■PBMC cultures were incubated for the indicated time periods either without antibodies, with 5 or 1 u,g/ml tanDb alone or with 1 p.g/ml tandab 
in the presence of 1 u-g/ml anti-CD28 MAb 15E8. Experiments carried out in autologous HS are indicated.--Quantuy ot different therapies is 
shown in the brackets -"T-cell proliferation factor in PBMC cultures incubated in the presence of 1 u-g/ml tanDb without costimulanon. 
determined as a ratio of the absolute number of T cells in the treated culture to the absolute number of T cells in the control culture without 
antibodies - 4 CD3" cells - 5 CD19 + ceIls.- f Total amount of living cells in millions in PBMC cultures after incubation. Initially. 4 X 10 cells 
were seeded in 2 ml medium.- 7 Experiments performed with blood samples from the same patient but taken at different time points. 

n.d., not determined. 



technology. 11 15 16 For example, recombinant bispecific molecules 
can be formed by noncovalent association of 2 single-chain fusion 
products consisting of the V H and V L domains of different spec- 
ificity in an orientation preventing intramolecular pairing with the 
formation of a 4-domain heterodimer, so-called BsDb. w We pre- 
viously demonstrated that CD19XCD3 BsDb is more effective 
than quadroma-derived bispecific antibody at mediating T-cell 
cytotoxicity in vitro against tumor cells. 1111 * Although BsDb was 
relatively rapidly cleared from the blood through the kidneys, its 
antitumor activity in animal tumor models was closely similar to 
that of the much larger quadroma-derived bispecific antibody. 1 * 20 
However, the BsDb is formed by heterodimerization of 2 different 
gene products, which must be expressed in the same cell in similar 
amounts. The problem of quantitative heterodimer formation can 
be overcome by linking 4 variable domains derived from antibod- 
ies of 2 specificities into a single-chain construct, resulting in 
either an (scFv) 2 , 2 scFv modules composed of 2 adjacent V H and 
V L domains of the same specificity, 16 or a diabody-like structure, 
a so-called sc BsDb. 15 21 

In contrast to native antibodies, all of the bispecific antibody 
formats mentioned above have only one binding domain for each 
specificity. To increase the valence, stability and therapeutic po- 
tential of recombinant bispecific antibodies, we constructed a 
novel tetravalent bispecific molecule with M r 1 13 kDa, described 
by us as a tanDb, that is specific for both human CD 19 and CD3 
cell surface antigens. 15 The CD19XCD3 tanDb possesses an in- 
creased functional affinity to both antigens, improved pharmaco- 
kinetics and elevated activity in mediating killing of CD19 + tumor 
cell lines by T cells from healthy donors in vitro. 15 Treatment of 
SCID mice bearing an established Burkitt's lymphoma (5 mm 



diameter) with human PBLs, CD19XCD3 tanDb and anti-CD28 
costimulation resulted in complete elimination of tumors in all 
animals within 10 days. 17 In contrast, mice receiving human PBLs 
in combination with either BsDb alone or BsDb plus anti-CD28 
MAb showed only partial tumor regression.' 7: - 

In the present study, we demonstrate vigorous activation of 
autologous T cells and killing of malignant cells induced by 
tetravalent CD19XCD3 tanDb in peripheral blood cultures from 
CLL patients. In contrast, under the same conditions, bivalent 
bispecific molecules (BsDb and scBsDb) showed significantly 
lower T-cell activating and antitumor activities. Wc provide evi- 
dence that tanDb-mediated T-cell activation takes place only in the 
presence of CD19 + cells and clarify the effect of CD28 costimu- 
lation on the antitumor activity of autologous T cells recruited by 
the CD19XCD3 bispecific tanDb. 



MATERIAL AND METHODS 
Recombinant molecules 

Construction and production of bispecific CDI9XCD3 diabody, 
scBsDb and tanDb were previously described. 131 * ,x: ' Monospe- 
cific anti-CD3 tanDb was assembled from OKT3-derived V H and 
V L domains- 1 essentially as described for CD19XCD3 tanDb.'* 
Gene constructions were performed according to standard DNA 
manipulation techniques, and the experimental details are available 
from the authors upon request. All recombinant proteins were 
isolated with >95% purity, as judged by reducing SDS-PAGE 
followed by Coomassie staining. 
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Figure 1 - Schematic representation of BsDb (a), scBsDb \b) and 
tanDb (c) proteins. 



Patient specimens 

Twenty-three patients fulfilling the clinical, morphologic and 
immunophenotypic criteria of B-CLL were selected at the Depart- 
ment of Internal Medicine, University of Heidelberg; and blood 
samples were obtained after informed consent. Nine of the patients 
were female and 14, male; ages ranged 51-78 years (median 63). 
According to the Binet classification, 24 14 patients were in siage A. 
8 in stage B and 1 in stage C. Median WBC was 40 X IOVuJ 
(range 15 to 21 1 x 10 5 /m^0- At the time of the study. 16 patients 
had never been treated, 2 had received only chlorambucil therapy, 
1 had received only fludarabine therapy, 1 had received chloram- 
bucil and fludarabine therapy and 3 had received chlorambucil, 
fludarabine and combinations of cyclophosphamide, vincristine 
and prednisone without or with doxorubicin. After chemotherapy, 
patients had been off treatment for at least 3 months. Paiient data 
are summarized in Table I. 

Isolation of PBLs 

Heparinized peripheral blood samples were obtained from pa- 
tients with leukemia or healthy volunteers. PBMCs were isolated 
by density gradient centrifugation. Blood samples were twice 
diluted with PBS (Invitrogen, Breda, the Netherlands), layered on 
a cushion of Histopaque- 1077 (Sigma-Aldrich, Deisenhofen, Ger- 
many) and centrifuged at 800g for 25 min. PBMCs located in the 
interface were collected and washed 3 times with PBS before use. 
For depletion of B cells, PBMCs from a healthy donor were 
incubated in RPMI medium/ 10% FCS (Invitrogen) on nylon wool 
at 37°C for I hr. By this method, CD3 + cells were enriched from 
52.1% to 77.0% and CD19^ cells reduced from 12.4% to 2.7% in 
the nonadherent cell fraction. 

Antibodies and flow cytometry 

Cell surface antigen expression was measured after indirect 
immunofluorescence staining by flow cytometry. In brief, PBMCs 



were incubated with murine MAbs OKT3 (anti-CD3 25 ), UCHT1 
(antirCD3; Beckman-Coulter, Krefeld, Germany), Edu-2 (anti- 
CD4; Chemicon, Hofheim, Germany), BL1A (anti-CD5. Beck- 
man-Coulter), UCHT4 (anti-CD8, Chemicon), HD37 (anti- 
CD^ 26 ), J4.119 (anti-CD19, Beckman-Coulter). 15E8 (anti- 
CD28 27 ), BB-1 (anti-CD80, Chemicon), MAB104 (anti-CD80. 
Beckman-Coulter), BU63 (anti-CD86, Chemicon), HA5.2B7 (an- 
ti-CD86, Beckman-Coulter) and BNI3 (anti-CD152, BD Pharm- 
ingen, Heidelberg, Germany) in the presence of 1 mg/ml human 
IgG (Sigma-Aldrich) in PBS supplemented with 2% FCS (Invitro- 
gen) and 0.1% sodium azide (Roth, Karlsruhe, Germany) for 45 
min on ice. After 3 washing steps, primary antibodies were de- 
tected with FITC-conjugated goat antimouse IgG or IgM (Di- 
anova, Hamburg, Germany). Living cells (10 4 ) were analyzed on 
a Beckman-Coulter EPICS XL flow cytometer. Dead cells were 
excluded by staining with 2 n-g/ml propidium iodide (Sigma- 
Aldrich). 

Autologous T-cell activation and depletion of leukemia cells 

PBMCs from patients with B-CLL were seeded in individual 
wells of a 12-well plate in 2 ml RPMI medium containing either 
10% FCS (Invitrogen) or 10% autologous HS at a density of 2 X 
10 6 cells/ml. Recombinant antibodies were added at the indicated 
concentrations with or without anti-CD28 MAb 15E8 27 (0.5-2.0 
p.g/ml). After 5-7 days of incubation, cells were harvested, 
counted in the presence of trypan blue and stained with anti-CD3 
MAb OKT3, 25 anti-CD4 MAb Edu-2 (Chemicon), anti-CD8 MAb 
UCHT4 (Chemicon) and anti-CD 19 MAb HD37 26 for flow cytom- 
etry. Living cells (10 4 ) were analyzed using a flow cytometer and 
the relative amounts of CD3 + , CD4 + , CD8" and CD19 + cells 
determined. To determine the T-cell proliferation factor in the 
treated PBMC culture, the absolute number of T cells in the culture 
was divided by the absolute number of T cells in the control 
culture. The B-cell depletion factor was calculated as a ratio of the 
absolute number of malignant CD19 + cells in the control culture 
to the absolute amount of B cells in the treated culture. For 
calculation of half-maximal concentrations of tanDb for cell lysis 
(EC 50 ), sigmoidal dose-response curves were generated for each 
B-CLL patient using the software program PRISM (GraphPad, San 
Diego, CA). 

Proliferation assay 

PBMCs in RPMI- 1640 plus 10% FCS were plated at 2 X 10 s 
cells/well in a 96-well flat-bottomed tissue culture plate (Greiner, 
Frickenhausen, Germany). Antibodies at various concentrations 
were added and the cells incubated at 37°C in a humidified 
atmosphere with 5% CO. for the indicated time. BrdU was added 
to a final concentration of 10 p.M, and plates were incubated for an 
additional 18 hr. BrdU incorporation was determined by Cell 
Proliferation ELISA (Roche, Mannheim, Germany) according to 
the manufacturer's instructions. 

RESULTS 

Effect of tetravalence ofCD19XCD3 bispecific molecules on 
autologous T-cell proliferation and depletion of primary 
leukemia cells 

Both bivalent (diabody and single-chain diabody) and tetrava- 
lent (tanDb) CD19XCD3 bispecific molecules (schematically 
shown in Fig. 1) were compared for their capacity to mediate 
killing of malignant B-CLL cells by nonstimulated autologous T 
lymphocytes. Freshly isolated PBMCs from patients with B-CLL 
containing 60-98% CD19 + /CD5^ leukemia cells were incubated 
in the presence of different concentrations of recombinant anti- 
bodies at 37°C for 5-7 days. Bispecific molecules were used with 
and without anti-CD28 MAb 15E8, which provides a costimula- 
tory signal for T cells, thus leading to their proliferation and 
increased cytolytic activity. 21 Cells were harvested, counted and 
stained with MAbs for the following cell differentiation markers: 
CD 19 (B cells, B-CLL cells), CD3 (T cells), CD4 (T-cell sub- 
population) and CD8 (T-cell subpopulation). Living cells (I0 4 ) 
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Figure 2 - Depletion of primary malignant CD19 + leukemia cells and proliferation of autologous T cells induced by CD19XCD3 bispecific 
molecules Freshly isolated PMBCs from B-CLL patient 01 1 were incubated for 5 days without antibodies (w/o Ab) or in the presence of the 
indicated concentrations of BsDb, scBsDb or tanDb with or without anti-CD28 MAb 15E8 (0.5 u.g/ml) or with MAb 15E8 alone. The relative 
amounts of CD3 + , CD4"\ CD8 + and CD19 + cells were determined by flow cytometry and ptotted. This experiment is representative of 
experiments performed with PBMC samples from different B-CLL patients (see Table II). 



B-CLL 
patient 



TABLE II - DEPLETION OF CDI9* LEUKEMIA CELLS AND PROLIFERATION OF AUTOLOGOUS T CELLS 
INDUCED BY CD19XCD3 BISPECIFIC MOLECULES' 



TanDb 



TanDb + MAb 15E8 



BsDb 



BsDb + MAb I5E8 



scBsDb + MAb 15E8 



T-cell 
proliferation 
factor 



B-cel! 
depletion 
factor 



T-cell 
proliferation 
factor 



B-cetl 
depletion 
factor 



T-cell 
proliferation 
factor 



B-cell 
depletion 
factor 



T-cell 
proliferation 
factor 



depletion 
factor 



T-cell 
proliferation 
factor 



B-cell 
depletion 
factor 



T-cell 
proliferation 
("actor 



B-cell 
depletion 
factor 



002 
003 
005 
006 
007 
008 
009 
010 
Oil 
018 
019 



4.8 
15.6 
27.5 
39.3 
15.5 
3.9 
13.0 
5.5 
7.1 
9.3 
5.1 



301.4 
119.8 
834.7 
79.6 
4.1 
127.6 
71.2 
87.3 
135.7 
0.8 
1.6 



22.5 
9.9 

n.d. 

17.4 
8.3 
6.2 
3.8 
5.8 
7.1 

n.d. 

10.3 



7.2 
2140.0 
n.d. 
371.0 
242.3 
206.6 
10.5 
1059.3 
65.6 
n.d. 
45.0 



0.8 
0.9 
0.8 
2.7 
1.0 
1.0 
1.3 
1.5 
0.9 
n.d. 
n.d. 



0.8 
1.0 
1.3 
0.6 
0.6 
1.0 
0.8 
0.4 
0.6 
n.d. 
n.d. 



0.7 
0.8 
1.0 

10.4 
0.9 
0.3 

n.d. 
1.4 
0.8 

n.d. 

n.d. 



0.8 
I.I 

1.2 
0.8 
0.7 
0.7 
n.d. 
0.3 
0.6 
n.d. 
n.d. 



n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
0.8 
4.2 
1.3 



n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
0.7 
0.6 
0.6 



n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
4.6 
n.d. 
4.1 



n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
n.d. 
0.5 
n.d. 
1.0 



'PBMC cultures were incubated with the indicated molecules at concentration of 5 ng/ml without or with I u.g/ml anti-CD28 MAb 
15E8 -"T-cell proliferation factor determined as a ratio of the absolute number of T cells in the treated culture to the absolute number of T cells 
in the control culture without antibodies.- 3 B-cell depletion factor determined as a ratio of the absolute number of B cells in the control culture 
without antibodies to the absolute number of B cells in the treated culture, n.d.. not determined. 



were analyzed using a Beckman-Coulter flow cytometer and the 
relative amounts of CD3\ CD4 \ CD8 T andCD19" cells plotted. 
Table I summarizes the results of the CD3 and CD 19 analyses of 
PBMC cultures incubated in the presence of CD19XCD3 tanDb 
with and without costimulation. 

Unlike the results obtained with human CDI9* cell lines and 
PBLs isolated from healthy donors, 13 - 15 - 1 *- 2 ' the bivalent diabody 
and single-chain diabody demonstrated no antitumor effect in a 
CLL autologous system, even at 5 u,M, with or without CD28 
costimulation, although slight proliferation of both CD4* and 
CD8 + T cells was observed (Fig. 2, Table II). In contrast, the 
teiravalent CD19XCD3 tanDb demonstrated much higher T-cell 
proliferation activity with concomitant depletion of malignant 
CLL cells. At a concentration of 1 p-g/ml (10 nM), the tanDb 
caused nearly quantitative depletion of CD19 + leukemia cells in 
PBMC samples (Fig. 2). While CD28 costimulation had nearly no 
effect on T-cell proliferation and antitumor activity of tanDb used 
at concentrations above 0.1 jig/ml, its influence on the depletion 
of CLL cells was obvious when tanDb was used at 0.01 u,g/ml 
(0.1 nM). 



Target cell-induced T-cell activation and cytotoxicity 

Since the tetravalent tanDb can simultaneously bind 2 CD3 
molecules on the cell surface, IS its binding to T cells may poten- 
tially cause CD3 crosslinking, leading to MHC-independent T-cell 
activation and proliferation. To prove thai the CDI9XCD3 tanDb 
causes T-cell activation only in the presence of CD! 9' tumor 
cells, we produced monospecific antihuman CD3 tanDb with 4 
CD3-binding sites. T-cell proliferation assay was performed using 
human PBMC cultures isolated from 2 healthy donors. PBMC 
preparations contained both CD19 + B cells (10-15% of total cell 
count) and CD3" T cells (approx. 70%). After incubation of 
PBMCs in the presence of either monospecific anti-CD3 or bispe- 
cific CDI9XCD3 tanDbs, T-cell proliferation was colorimetrically 
measured by incorporation of BrdU into the cellular DNA. During 
incubation for 72 hr, monospecific anti-CD3 tanDb induced no 
proliferation of autologous lymphocytes from both donors, even at 
10 u.g/ml (Fig. 3). ^contrast, CD19XCD3 tanDb demonstrated 
high mitogenic activity for both PBMC cultures, presumably due 
to CD3 crosslinking via CD19-bearing B cells (Fig. 3). T-cell 
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proliferation induced by CD19XCD3 tanDb was significant even 
at 10 ng/ml. 

To examine whether the presence of CD 19"*" cells is necessary for 
T-cell activation mediated by CD19XCD3 tanDb, we performed a 
T-cell proliferation assay using either the whole PBMC preparation 
(12.4% CD19" cells) or PBMCs depleted for B cells (2.7% CD19" 
cells). The results shown in Figure 4 clearly demonstrate significantly 
lower T-cell proliferation in PBMC cultures depleted for CD19 + B 
cells, thus indicating antigen-specific T-cell activation in the presence 
of CD19XCD3 tanDb. These experiments exclude the possibility that 
binding of the tetravalent molecule alone to T cells elicits T-cell 
activation and cytotoxicity against CD19 + B cells. 

Bispecific CD19XCD3 tanDb and a monospecific anti-CD3 
tanDb were also compared in autologous PBMC cultures from the 
B-CLL patient containing >90% leukemia cells (Fig. 5). No T-cell 
proliferation and no depletion of leukemia cells were observed 
when anti-CD3 tanDb was used. In contrast, adding CD19XCD3 
tanDb to PBMC culture induced vigorous proliferation of both 
CD4 + and CD8 + T cells as well as killing of tumor cells (Fig. 5). 




Figure 3 -T-cell proliferation in response to either bispecific 
CDI9XCD3 or monospecific anti-CD3 tanDbs. PBMCs from healthy 
donor A or donor B were incubated either without antibody (w/o Ab) 
or in the presence of tanDb at 10 ng/ml, 100 ng/ml, 1 u,g/ml and 10 
u.g/ml for 72 hr and pulsed with 10 u.M BrdU for an additional 18 hr: 
incorporation of BrdU was determined by BrdU ELISA. Means and 
SDs of triplicates are shown. 



These data confirm that a T-cell activation signal is provided by 
bispecific CD19XCD3 tanDb crosslinking the CD3 receptor via 
binding to CD 19^ tumor cells. 

Effect of CD28 co stimulation on the antitumor activity of 
CDI9XCD3 tanDb 

It is generally accepted that T-cell activation requires 2 distinct 
signals. The first depends on the ligation of the TCR/CD3 complex 
and the CD4 or CD8 coreceptor. The second can be provided by 
the cell surface molecules that mediate essential costimulatory 
signals, thereby complementing TCR/CD3-mediated events. CD28 
is such a potent costimulatory molecule, and ligation of CD28 with 
its natural ligands B7-1 (CD80) and B7-2 (CD86) promotes T-cell 
survival and enhances TCR-mediated signaling to initiate and 
maintain T-cell responses. 28 Alternatively, the costimulatory sig- 
nal can be provided by an agonistic anti-CD28 antibody. 29 Our 
preliminary results demonstrated that adding costimulatory anti- 
CD28 MAb 15E8 enhanced the antitumor activity of CD19XCD3 
bispecific molecules and, in some cases, T-cell proliferation (Fig. 
2, Table II). We therefore analyzed the expression patterns of the 
natural ligands for CD28, B7-1 (CD80) and B7-2 (CD86), on the 
surface of leukemic cells. Analysis of PBMC samples isolated 
from 6 CLL patients by flow cytometry demonstrated intermediate 
to high levels of CD80 expression, whereas CD86 was present at 
lower levels than CD80 (Fig. 6). 

Analysis of the expression of costimulatory molecules on the 
surface of PBMCs from CLL patients cultured either with or 
without CD19XCD3 tanDb demonstrated significant upregulation 
of CD86 expression after tanDb treatment (Fig. 7c). Expression of 
the second CD28 ligand, CD80, was slightly upregulated only on 
CLL cells cultured without antibodies (Fig. lb). In contrast to the 
CD19XCD3 tanDb bridging CD19 + malignant B cells with T cells, 
crosslinking of CD 19 on the surface of B-CLL cells using either 
soluble or immobilized anti-CD 19 MAb HD37 26 did not cause any 
changes in the expression levels of CD80 and CD86 on cultured 
PBMCs from B-CLL patients and did not influence the survival of 
B-CLL cells (data not shown). Interestingly, tanDb treatment also 
caused upregulation of the inhibitory molecule CTLA-4 (CD 152) on 
the surface of PBMCs; higher levels of CD 152 expression were 
observed in cultures with higher cytotoxic activity (Fig. 8). 

Although most of the leukemia cells expressed CD80 and CD86 
on their surface, analysis of the results of T-cell proliferation and 
CLL cell killing demonstrated higher T-cell activation and stron- 
ger antitumor effects when CD19XCD3 tanDb was used in com- 
bination with costimulatory anti-CD28 MAb 15E8 (Fig. 2, Table 
I). Using CD19XCD3 tanDb, a positive antitumor effect was 
observed for the vast majority of CLL PBMC samples containing 



□ PBMC (12.4% CD19*) 



Enriched T-cells (2.7% CD19*) 



Figure 4- Induction of T-cell 
proliferation by CD19XCD3 
tanDb in normal PBMC culture 
from a healthy donor and in PBMC 
culture depleted for B cells. PB- 
MCs were incubated either without 
antibody (w/o Ab) or in the pres- 
ence of CD19XCD3 tanDb at con- 
centrations from l pg/ml to I 
u,g/ml for 72 hr and pulsed with 10 
jxM BrdU for an additional 1 8 hr; 
incorporation of BrdU was deter- 
mined by BrdU ELISA. Means and 
SDs of triplicates are shown. 
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Figure 5 -Depletion of primary malignant CD19~ leukemia cells 
and proliferation of autologous T cells induced either by bispecific 
CD19XCD3 or by monospecific anti-CD3 tanDbs. Freshly isolated 
PMBCs from B-CLL patient 006 were incubated for 6 days without 
antibodies (w/o Ab) or in the presence of the indicated concentrations 
of monospecific anti-CD3 or bispecific CD19XCD3 tanDb. Relative 
amounts of CD3\ CD4 \ CD8 + and CD19^ cells were determined by 
flow cytometry and plotted. 



as low as 2% T cells. No response was shown only for 2 PBMC 
samples, though in one case T-cell proliferation was observed 
when tanDb was used in combination with CD28 costimulation 
(Table I). Comparison of results of T-cell proliferation and cyto- 
toxicity between PBMC cultures from the same patient incubated 
either in FCS or in autologous serum demonstrated only marginal 
1 .5- to 2-fold differences in T-cell proliferation, while showing 10- 
to 100-fold more efficient depletion of leukemic cells in autolo- 
gous serum than in FCS (patients 04, 05, 021 and 022, Table I). 

Analyses of the CLL cell killing efficacy obtained at different 
concentrations of CD19XCD3 tanDb used either with or without 
CD28 costimulation demonstrated that adding anti-CD28 MAb 
I5E8 caused a 10- to 1,000-fold lowering of the half-maximal 
concentration of tanDb for cell lysis (EC 50 ). Characteristic dose- 
response curves obtained for PBMC cultures from 2 CLL patients 
are shown in Figure 9. This effect was observed for all tested CLL 
PBMC samples, though EC 5(> values exhibited considerable vari- 
ation (Table III). Depending on the T-cell response of a particular 
patient, EC 50 values ranged from 1 u,g/ml to 0.5 ng/ml when using 
tanDb alone and from 150 ng/ml to as low as 50 pg/ml when tanDb 
was used with CD28 costimulation (Table III). 

DISCUSSION 

B-CLL is characterized by abnormal expansion of monoclonal 
CD5"VCD19 + mature B lymphocytes in the peripheral blood, 
bone marrow and lymphatic organs. 30 A curative therapy for 
B-CLL is not yet known, thus stimulating the search for new 
immunotherapeutic strategies. An emerging approach is the retar- 
geting of cellular effector systems, such as T cells, by bispecific 
antibodies. 8 However, progress in research and development into 
the clinical applications of these immunotherapeutic agents has 
been significantly slowed by problems of manufacturing, immu- 
nogenicity of mouse-derived antibodies, lack of therapeutic effi- 
cacy, toxicity associated with cytokine storms and unfavorable 
pharmacokinetics. 4 To improve the therapeutic potential of bispe- 
cific antibodies, we constructed a novel recombinant molecule 
named "tandem diabody" (tanDb), which is bispecific and tetrava- 
lent. 15 In the present study, we analyzed the ability of the tetrava- 
lent CD19XCD3 tanDb to cause T-cell activation and depletion of 
malignant leukemia cells in an autologous system derived from 
patients suffering from B-CLL. 
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Fwvrf. 6-CD80 (B7-1) and CD86 (B7-2) expression on PBMCs 
from B-CLL patients. Freshly isolated PBMCs or PBMCs cultured for 
24 hr without antibodies were stained with anti-CD80 MAb BB-1 or 
anti-CD86 MAb BU63 followed by FITC- or phycoerythrin-conju- 
gated goat antimouse IgG or IgM, respectively. Stained cells were 
analyzed by a Beckman-Coulter flow cytometer. Solid gray histograms 
represent control staining with secondary antibodies alone. 



Peripheral T cells, representing a minor population in the pe- 
ripheral blood of B-CLL patients, are usually in a resting slate and 
need strong signals for activation. 31 Here, we have demonstrated 
that bispecific CD19XCD3 molecules induced depletion of leuke- 
mia cells by nonstimulated autologous T cells in PBMC cultures 
from patients with B-CLL. No T-cell enrichment was performed, 
resulting in E:T cell ratios close to those in vivo. However, anti- 
body-induced T-cell activation and tumor cell killing were ob- 
served only for the tetravalent tanDbs, while structurally similar 
but bivalent diabody and single-chain diabody demonstrated 
nearly no antitumor activity. These data indicate the importance of 
bivalent binding to both T cells and tumor cells for T-cell activa- 
tion and stimulation of T cell-mediated cytotoxicity under condi- 
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Figure 7 -Expression of co- 
stimulatory molecules on PBMCs 
from patient 021 with B-CLL, as 
determined by flow cytometry. 
Freshly isolated PBMCs (a) and 
PBMCs incubated in medium with 
FCS for 6 days either without an- 
tibodies (b) or in the presence of I 
jig/ml CD19XCD3 tanDb (c) were 
stained with FITC -conjugated anti- 
CD3 MAb UCHT1 or anti-CD 19 
MAb J4.U9 and with phyco- 
erythrin-conjugated anti-CD80 
MAb MAB 104 or anti-CD86 MAb 
HA5.2B7 (solid lines). Solid gray 
histograms represent correspond- 
ing isotype controls. All stainings 
were performed in the presence of 
1 mg/ml human IgG. Cells (1 X 
10 4 ) were analyzed on a Beckman- 
coulter flow cytometer. 
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Figure 8 - Expression of CTLA-4 (CD 1 52) molecules on PBMCs 
from B-CLL patients 017. 018 and 019 with low response, medium 
response and high response to tanDb treatment, respectively, as deter- 
mined by flow cytometry. Freshly isolated PBMCs (a) and PBMCs 
incubated in medium with FCS for 6 days either without antibodies (b) 
or in the presence of l fig/ml CD19XCD3 tanDb (c) were stained with 
anti-CD 1 52 MAb BNI3 (solid lines). Solid gray histograms represent 
corresponding isotype controls. 

tions of low E:T ratios. Previously, it was demonstrated that 
dimerization of a subagonistic amimelanoma/anti-CD28 scFv- 
scFv fusion [(scFv) 2 ] molecule led to the appearance of supra- 
agonistic properties of a dimer in inducing vigorous T-cell activa- 




10 3 10 2 10 1 10° 10' 



Concentration of Tandab (pg/ml) 

Figure 9 -Effect of CD28 costimulation on T-cell cytotoxicity 
mediated by CD19XCD3 tanDb. The percentage of remaining CD 19" 
leukemia cells in PBMC samples from B-CLL patients 008 (squares, 
broken lines) and 009 (circles, solid lines) was plotted against the 
concentration of tanDb used either with (rilled symbols) or without 
(open symbols) CD28 costimulation. 

tion and killing of melanoma cells. 12 Although the tanDb molecule 
contains 2 CD3-binding sites, our results demonstrated that T-cell 
activation and proliferation occurred only in the presence of 
CDI9 + target cells. Since no additional stimulus for T-cell acti- 
vation was provided, the T-cell activation and cytotoxicity resulted 
from bridging CD3 through CD 19" tumor cells. 

Using CD19XCD3 tanDb alone, a very strong antitumor effect 
leading to almost quantitative elimination of leukemia cells was 
observed for PBMC samples from 15 of 23 B-CLL patients. In 5 
specimens, moderate T-cell stimulation and killing of CD19 f cells 
was observed, and only 3 PBMC preparations did not respond to 
tanDb alone. Additional stimulation provided by anti-CD28 MAb 
significantly increased the cytotoxic effect in moderate responders 
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TABLE III - EFFECT OF CD28 COSTIMULATION ON T-CELL 
CYTOTOXICITY MEDIATED BY CD19XCD3 TanDb 



ECso of tandab (ng/ml) 


B-CLL patient 


Tandab alone 


Tandab + MAb 15E8 


002 


1200.0(0.99)' 


156.5 (0.99) 


009 


826.7 (0.99) 


67.3 (0.99) 


008 


509.8 (0.87) 


51.4 (0.96) 


014 


428.9 (0.91) 


n.d. 


016 


285.8(1.00) 


n.d. 


021 (HS) 2 


157.6(1.00) 


54.3 (0.99) 


006 3 


t\f\ O I 1 f\t\\ 

99.8 (1.00) 


C\ 1 A ( t (\(\\ 


011 


93.6 (0.98) 


53.2 (0.99) 


015 


67.5 (0.99) 


n.d. 


007 


65.6 (0.99) 


36.7 (0.99) 


005 


51.7 (0.99) 


0.05(1.00) 


003 


31.3(1.00) 


0.06(1.00) 


018 


14.8 (0.95) 


n.d. 


006 3 


11.4(1.00) 


n.d. 


004 


0.5(1.00) 


n.d. 



'/? 2 , goodness of fit is shown in parentheses.- 2 Experiment carried 
out in autologous serum.- 3 Experiments performed with blood samples 
from the same patient but taken at different time points, n.d., not 
determined. 



and even induced T-cell proliferation in 2 nonresponding PBMC 
samples. Thus, in 22 of 23 patient samples, strong T-cell activation 
and killing of leukemic B cells were demonstrated after incubation 
with CD19XCD3 tanDb and anti-CD28 MAb. Seven PBMC sam- 
ples were obtained from patients who had previously received 1-7 
chemotherapy regimens. Four of these cases showed almost quan- 
titative elimination of malignant B cells with CD19XCD3 tanDb 
alone and 2 showed a response to tanDb in combination with 
CD28 costimulation. All samples from 16 untreated B-CLL pa- 
tients were sensitive to tanDb-mediated cytotoxicity. The efficacy 
of killing induced by CD19XCD3 tanDb is determined by the 
ability of the patient's T cells to be activated as well as by 
responsiveness of the CLL cells. It is quite probable that in 
nonresponding patients a significant proportion of T cells are 
refractory to activation (anergic). However, some B-CLL cell 
subsets are able to secrete immunosuppressive cytokines. 33 

Considering the mechanism of leukemia cell elimination, tanDb 
comprises only CD19 and CD3 binding sites. We showed that CD3 
binding alone does not lead to T-cell activation and B-cell killing. We 
also did not see any effect of CD19 crosslinking alone on the upregu- 
lation of costimulatory molecules and dying of CLL cells. Depletion 
of tumor cells was observed only when both specificities were present 
and was accompanied by T-cell proliferation. The only possible 
mechanism of killing is direct action of cytotoxic T lymphocytes on 
tumor cells via the formation of secretory synapses followed by 
release of the content of lytic granules, comprising proteases of the 
granzyme family (especially granzymes A and B), perforin and the 
recently discovered granulysin. M Both CDS" and CD4 + T cells 
induced apoptosis of autologous B-CLL cells through a perforin- 
mediated pathway but not via Fas/FasL, TNF-a or TRAIL. 35 

Optimal activation of T cells requires TCR/CD3 engagement in 
addition to a costimulatory signal delivered by a distinct corecep- 
tor. The best-characterized of these costimulatory molecules is 
CD28, which plays a multifaceted role in regulating T-cell func- 
tion after interaction with its ligands. B7-1 (CD80) and B7-2 
(CD86). Costimulation through CD28 in conjunction with trigger- 
ing of the TCR/CD3 complex leads to high-level production of 
IL-2 and regulates T-cell cycle entry and progression through the 
G, phase. CD28 costimulation is thought to be required not only to 
activate T cells but also to protect them from apoptosis mediated 
by the CD95 (APO-l/Fas) death receptor. 14 M > 37 Loss of CD80 and 
CD86 expression by immunogenic tumors may, therefore, lead to 
escape from host immunity. 38 Since the malignant cells of B-cell 
lineage express costimulatory molecules on their surface,-™- 40 these 
expression levels might be high enough to provide a costimulatory 
signal, especially when high concentrations of the bispecific anti- 



body (tanDb) are used. CD28-mediated signal causes upregulation 
of CD40 ligand on the surface of T cells, which in turn, binds to 
CD40 on the B cells, thus enhancing B7-1/B7-2 expression and 
reinforcing the CD28/CD40-positive feedback loop. 4 ' 4 - However, 
the tetravalent CD19XCD3 tanDb by itself may impair the resis- 
tance of malignant B cells to T cell-mediated cytotoxicity. It has 
been previously shown that crosslinking of CD 19 on the surface of 
tumor cells by homodimers of anti-CD 19 MAb could induce 
Go/G, cell cycle arrest and enhance sensitivity of xenografted 
tumor to doxorubicin in viva 43 It was therefore postulated that this 
inhibitory effect is mediated by intracellular signaling, which 
could modulate the regulatory signals of other receptors. 44 For 
example, crosslinking of CD 19 was reported to increase the ex- 
pression levels of B7 molecules, mainly B7-2, on the surface of 
resting splenic B cells. 45 In the present study, we have demon- 
strated upregulation of CD86 on PBMCs from B-CLL patients 
upon incubation with CD19XCD3 tanDb but only as a result of 
T-cell activation. CD 19 crosslinking alone did not cause upregu- 
lation of the B7 molecules. 

Once activated, T cells significantly increase membrane expres- 
sion of CTLA-4 (CD152), which binds both B7-1 and B7-2 mol- 
ecules with approximately 100-fold higher affinity than CD28 and, 
upon binding, transmits a signal to inhibit T-cell activation, lead- 
ing to the Fas- independent death of T cells. 46 In our experiments, 
levels of CTLA-4 expression correlated with the degree of T-cell 
activation and antitumor response. It has been previously shown 
that CTLA-4 crosslinking leads to apoptolic death of a substantial 
fraction of activated CD4 + T lymphocytes and to cell cycle arrest 
without apoptosis in resting CD4 + T cells. 47 Accordingly, the 
attenuation of T-cell functions can be prevented by antibody 
blockade of CTLA-4/B7 interactions 48 49 It is quite probable that 
the efficacy of T cell-mediated immunotherapy can be further 
enhanced by a combination of antitumor/anti-CD3 bispecific anti- 
bodies with antagonistic anti-CTLA-4 MAb. However, this hy- 
pothesis needs experimental examination. 

When only a few tanDb molecules were present, the effect of 
CD28 costimulation on T-cell activation proved to be more pro- 
nounced. Depending on the patient specimen, we observed a 10- to 
1,000-fold decrease of the half-maximal concentrations of tanDb 
for cell lysis. Upon CD28 costimulation, specific tumor cell lysis 
was found at tanDb concentrations as low as 0.5 pM. It is quite 
probable that the costimulatory signal provided by CD2S 
crosslinking lowers the TCR/CD3- triggering threshold necessary 
for T-cell activation. 50 Furthermore, it is quite plausible that crosslink- 
ing of CD28 with bivalent agonistic MAb 15E8 facilitates not only the 
amplification of TCR-coupled mitogenic signals but also the suppres- 
sion of negative signals transduced through CTLA-4. 

Efficient depletion of leukemic cells in PBMC cultures from 
B-CLL patients has also been demonstrated for an anti-CD 19/anti- 
CD3 scFv-scFv fusion [(scFv) 2 ]. 51 Although the authors previ- 
ously thought that the T-cell cytotoxicity mediated by (scFv), is 
costimulation-independent, 16 ' 52 - 53 they showed that a combination 
of their bispecific molecule with a costimulatory anti-CD28 MAb 
or IL-2 leads to increased lysis of B-CLL cells by T cells. M 
Although (scFv) 2 was produced using the more efficient folding 
machinery of mammalian cells, the data of Loftier et indicate 
that their bivalent (scFv) 2 showed 10- to 20-fold lower activity on a 
molar basis in a similar autologous system compared to the bacterially 
expressed tetravalent tanDb described in the present study. 

In conclusion, we have demonstrated that the tetravalent bispe- 
cific CD19XCD3 tanDb induces highly efficient T cell-mediated 
killing of autologous malignant B cells at very low E:T ratios, thus 
reflecting the clinical situation. Also, tanDb had superior proper- 
ties compared to bivalent formats currently in use for the genera- 
tion of bispecific molecules. 
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